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In non-centrosymmetric superconductors, where the crystal structure lacks a centre of inversion,
parity is no longer a good quantum number and an electronic antisymmetric spin-orbit coupling
(ASOC) is allowed to exist by symmetry. If this ASOC is sufficiently large, it has profound conse-
quences on the superconducting state. For example, it generally leads to a superconducting pairing
state which is a mixture of spin-singlet and spin-triplet components. The possibility of such novel
pairing states, as well as the potential for observing a variety of unusual behaviours, led to intensive
theoretical and experimental investigations. Here we review the experimental and theoretical results
for superconducting systems lacking inversion symmetry. Firstly we give a conceptual overview of
the key theoretical results. We then review the experimental properties of both strongly and weakly
correlated bulk materials, as well as two dimensional systems. Here the focus is on evaluating
the effect of ASOC on the superconducting properties and the extent to which there is evidence
for singlet-triplet mixing. This is followed by a more detailed overview of theoretical aspects of
non-centrosymmetric superconductivity. This includes the effects of the ASOC on the pairing sym-
metry and the superconducting magnetic response, magneto-electric effects, superconducting finite
momentum pairing states, and the potential of non-centrosymmetric superconductors to display
topological superconductivity.
I. INTRODUCTION
Research on superconductors without inversion symmetry significantly intensified with the discovery of supercon-
ducting CePt3Si. This was despite the vast number of known superconductors that also do not have an inversion
center (see Table I for a list). The interest in CePt3Si stemmed from its unusual superconducting behaviour (which
is described in more detail below). With the flurry of theoretical activity that followed, it became clear that super-
conductors without parity symmetry can exhibit properties not anticipated or even permitted in inversion symmetric
materials. The field grew from the experimental perspective as well, with many new non-centrosymmetric supercon-
ducting materials being discovered, some of which demonstrating new and novel physics. In this review, we provide
an overview of these developments.
In particular, after a brief summary of theoretical implications, we begin with an overview of relevant materials,
highlighting materials that display unusual physics. These materials include weakly correlated materials (for example
d-electron materials), strongly correlated materials (such as heavy electron materials), two-dimensional materials
(MoS2), and topological superconductors. This will be followed by a detailed overview of the role of spin-orbit coupling
on the single electron physics, which is an essential ingredient in microscopic descriptions. Following this overview, the
theory of the superconducting state will be developed, including discussion on the symmetry classification of the gap
functions, the role of magnetic fields (spin susceptibility, magneto-electric effects, critical fields, and finite momentum
pairing phases), and an overview of topological superconductivity will be given.
A. Conceptual description of key results in non-centrosymmetric superconductivity
As a conceptual introduction to what follows, it is useful to consider a Rashba spin-orbit coupling1 and the con-
sequences of this coupling on superconductivity in two-dimensions2. Rashba spin-orbit coupling is known to occur
when a mirror symmetry is broken, for example in 2D electron gases. It is an example of the antisymmetric spin-orbit
coupling (ASOC) that plays an important role later. We will use γ(k) to represent the ASOC throughout this article
(we also often use γˆ(k) to represent the normal vector along the direction γ(k)). The Rashba spin-orbit coupling has
γ(k) = α(ky ,−kx, 0) , leading to the interaction γ(k) ·σ = α(kyσx−kxσy) where σi are Pauli matrices corresponding
to the usual spin-1/2 operators for a fermion quasi-particle. When added to a usual quadratic dispersion, ~k2/(2m),
this yields single-particle states (called helicity states) with energies ǫ± = ~k
2/2m± α|k|, leading to circular bands
in momentum space that have the fermion spins polarized tangential to the momentum as shown in Fig. 1. The
relationship between these helicity bands (labeled by |k,± > where k is the momentum of the state) and the original
2FIG. 1. Helicity bands with a Rasbha spin-orbit interaction. The arrows indicate the directions of the spin eigenstates. The
dashed lines indicate Cooper pairs made from these states as discussed in the text.
spin 1/2 basis (labelled by |k, ↑>, |k, ↓>) can be expressed as
|k, ↑>=|k,+ > +ieiφk |k,− >
|k, ↓>=ie−iφk |k,+ > +|k,− > (1)
where φk is the polar angle in momentum space (note that e
iφ−k = −eiφk). With the spin-orbit interaction present,
it is instructive to examine the formation of Cooper pairs, specifically, the two Cooper pairs shown in Fig. 1. If the
Rashba spin-orbit coupling is much larger than the pairing gap, this figure reveals that the state |k1,→> (here →
refers to the spin direction of the helicity eigenstate for momenta k1 and k2) can be paired with | − k1,←> but not
with | − k1,→> (since this state is not degenerate with |k1,→>, so this pairing would have a large kinetic energy
cost), while the state |k2,←> can be paired with with the state | − k2,→> but not with the state | − k2,←>.
Consequently, for ki taking the values k1 and k2, only linear combinations of the spin-singlet Cooper pair, |ψ−〉, and
only one of three possible spin-triplet Cooper pairs, |ψ+〉, can be stable, with
|ψ±(ki)〉 = 1√
2
(
|ki,←〉| − ki,→〉± |ki,→〉| − ki,←〉
)
. (2)
This provides an illustration of the first key idea in non-centrosymmetric superconductors: that spin-singlet supercon-
ductivity is largely unaffected by broken inversion symmetry and that there is a single ‘protected’ spin-triplet pairing
state that survives the presence of the ASOC3.
To gain a deeper understanding of the superconducting state, it is useful to re-express the usual spin-singlet Cooper
pair |ψs〉 = (|k, ↑> |−k, ↓> −|k, ↓> |−k, ↑>)/
√
2 in the helicity basis (ignoring pairing between fermions on different
helicity bands)
|ψs〉 = i√
2
(
− e−iφk |k,+〉| − k,+〉+ eiφk |k,−〉| − k,−〉
)
. (3)
This expression implies that a spin-singlet superconductor will have the same gap magnitude on both helicity bands
(the phase factors that appear stem from the operation of time-reversal operator on the helicity basis, T |k,± >=
ie±iφk | − k,± > and the fact that the paired Fermions are partners under time-reversal4). In general, there is no
physical reason that both helicity bands should have the same gap magnitude. Indeed, different gap magnitudes on
the two helicity bands can occur and signal the simultaneous existence of spin-singlet and spin-triplet pairing. Such
3a mixture is permitted since parity symmetry is broken. In particular, the Pauli exclusion principle implies that
spin-triplet pairing is of odd parity and spin-singlet is of even parity. Consequently, when parity symmetry is present,
these states cannot mix5. However, once parity symmetry is broken, such mixing can occur2. Singlet-triplet mixing
is the second key notion that is prevalent in non-centrosymmetric superconductors. Generically, this mixing leads
to two-gap physics for the Rashba case discussed here. The degree of the singlet-triplet mixing (and the resultant
two-gap physics) is determined by the pairing interactions as well as the spin-orbit coupling. Indeed, if there is only
spin-singlet s-wave pairing interactions, then |ψs〉 is the only state that appears, independent of the strength of the
spin-orbit coupling, and there will only be a single gap. It is interesting to note that when considering more general
forms of the ASOC, singlet-triplet mixing can also lead to gap nodes that are not imposed by symmetry and have
interesting topological properties. This is discussed in more detail later.
More insight can be gained by adding a Zeeman field HxSx +HySy +HzSz to the Hamiltonian. In this case, the
quasi-particle energies become ǫ± = k
2/(2m)±√(αky +Hx)2 + (αkx −Hy)2 +H2z . In the limit that the spin-orbit
coupling is much larger than the Zeeman field, this can be written as
ǫ± ∼= k2/(2m)± α|k| ± γˆ(k) ·H (4)
where γˆ(k) = (−ky, kx, 0)/|k|. This latter equation reveals that if γˆ is perpendicular to H (in the Rashba case this
means forH along the zˆ direction), then there is no coupling to the Zeeman field (in the large spin-orbit limit) and this
suggests that there will be no Pauli paramagnetic suppression of the critical field (this is true even for a spin-singlet
gap function). This also suggests that the Pauli critical field will be anisotropic. Indeed, this turns out to be the case
and the resultant anisotropy in the large spin-orbit coupling limit is largely independent of the degree of singlet-triplet
mixing of the gap function, implying that this anisotropy cannot reveal any information about the relative size of
the spin-singlet and spin-triplet components3. Similar arguments apply to spin susceptibility measurements2,6. This
leads to the third key result: in the strong spin-orbit coupling limit, Knight shift or critical field measurements cannot
distinguish between spin-singlet and spin-triplet superconductivity.
The above paragraph may suggest that there is no way to experimentally detect the difference between pairing
states that are largely spin-singlet and those that are largely spin-triplet. However, this is not the case. There is an
important difference between the two cases related to the topology of the bands. For the Rashba spin-orbit interaction
discussed above, the protected spin-triplet superconductor has been examined in the context of superfluid 3He and is
known to have Majorana edges states and Majorana modes in a vortex core7. The pure spin-singlet superconductor
has no such topological states. While magnetic response cannot distinguish spin-singlet or spin-triplet, this topological
difference survives even when the spin-singlet and spin-triplet mix and can be used to classify a non-centrosymmetric
superconductor as predominantly spin-singlet or spin-triplet8.
Finally we turn to the last key concept that is discussed in this review, the appearance of novel magneto-electric
effects in the superconducing state. These effects stem from a coupling of the supercurrent and magnetic fields that
become allowed by symmetry once inversion symmetry is broken. This is discussed in detail later, but a hint at the
origin of these effects can be seen by looking at the quasi-particle bands that result when a Zeeman field is applied
in-plane. In particular, notice that when an in-plane Zeeman field is applied, sayHy 6= 0, the quasi-particle dispersions
ǫ± develop a linear term in kx. This implies that the center of the band is shifted along the kx-axis away from the
Γ point. If one considers creating Cooper pairs in this situation, it becomes clear that it is energetically favorable
to form Cooper pairs through the new center of the band as opposed to pairing through the Γ point. That is, for
example, pairing the state |k,+〉 with | − k + q,+〉 with q 6= 0. This results in a superconducting condensate that
has a spatial e2iq·x dependence, much like a Fulde-Ferrell-Larkin-Ovchinnikov state. Since such a pairing state is
often associated with a current carrying superconducting state (though in this case it does not carry a current), it
is possible to see that non-centrosymmetric superconductors allow for a nontrivial coupling between magnetic fields
and supercurrents. This interplay has a series of new consequences on superconductivity.
II. EXPERIMENTAL RESULTS
In this section we review experimental results from studies of superconductivity in systems with broken inversion
symmetry. Here we put particular emphasis on evaluating what the effect of the ASOC is on the superconductivity
and to what extent is there evidence for mixed-parity pairing states. A list of non-centrosymmetric superconductors
(NCS) is displayed in Table I, which contains a summary of their properties and double lines separate strongly and
weakly correlated materials. We begin with a discussion of non-centrosymmetric heavy fermion (strongly correlated)
superconductors. The properties of non-centrosymmetric superconductors with weak electronic correlations are then
reviewed. We include systems found to display evidence for parity mixing, those which show evidence for single-gap
s-wave superconductivity and those where the presence of mixing remains a more open question. We also discuss those
NCS found to break time reversal symmetry in the superconducting state and in particular, whether this is evidence
4TABLE I. Properties of non-centrosymmetric superconductors. The nature of the superconducting gap from different mea-
surements is indicated by F (fully gapped), P (point nodes) or L (line nodes), where 1 or 2 indicates evidence for single or
multi-gap behaviour. The double lines separate materials with strong and weak correlations. Results of Knight shift (KS)
measurements are displayed which are either constant (C) or reduced (R) below Tc. The presence or absence of time reversal
symmetry breaking (TRSB) is denoted by Y and N respectively. Where available, the splitting of the band structure by the
ASOC near EF is given by EASOC. References that are not given in the main text are displayed.
Compound Structure Tc γ Hc2 1/T1(T ) KS C(T,H) TRSB λ(T ) EASOC EASOC/kBTc
(K) (mJ/mol K2) (T) (meV)
CePt3Si P4mm 0.75 390 2.7‖ c, 3.2‖ a L C L L 2009 3095
LaPt3Si 0.6 11 Type I
10,11 F F1 N F1 200 3868
CeRhSi3 I4mm 1.05 110 ∼ 30 ‖ c, 7 ‖ a 10 111
CeIrSi3 1.6 100 ∼ 45 ‖ c, 9.5 ‖ a L C,R 4 29
CeCoGe3 0.64 32 > 20 ‖ c, 3.1 ‖ a 912,13 163
CeIrGe3 1.5 80 > 10 ‖ c
UIr P21 0.13 49 0.026
Li2Pd3B P4332 7 9 2 F R F F2 30 50
Li2Pt3B 2.7 7 5 L C F/L L2 200 860
Mo2Al3C 9 17.8 15 P N F1
Y2C3 I 4¯3d 18 6.3 30 F2 R F L/F2 15 10
La2C3 13 10.6 19 C F1 F2 30 33
K2Cr3As3 P 6¯m2 6.1 70-75 23 ‖, 37⊥ L 60 114
Rb2Cr3As3 4.8 55 20 P
Cs2Cr3As3 2.2 39 6.5
BiPd P21 3.8 4 0.8 F1 F1 F2 50 153
Re6Zr I 4¯3m 6.75 26 12.2 Y F1
Re3W 7.8 15.9 12.5 F1 N F1
NbxRe1−x 3.5-8.8 3-4.8 6-15 F R F1/2 F1
Re24Ti5 5.8 111.8 10.75 F1
Mg10+xIr19B16−y I 4¯3m 2.5-5.7 52.6 0.8 F1 R F1 F1/2
Ba(Pt,Pd)Si3 I4mm 2.3-2.8 4.9-5.7 0.05-0.10 F1
La(Rh,Pt Pd,Ir)Si3 0.7-2.7 4.4-6 Type I/0.053 F1 N F1 17(Rh) 93(Rh)
Ca(Pt,Ir)Si3 2.3-3.6 4.0-5.8 0.15-0.27 F1 N
Sr(Ni,Pd,Pt)Si3 1.0-3.0 3.9-5.3 0.039-0.174 F1
Sr(Pd,Pt)Ge3 1.0-1.5 4.0-5.0 0.03-0.05 F1
Rh2Ga9 Pc 1.95 7.64 Type I F1 5 30
Ir2Ga9 2.25 7.32 Type I F1 25 129
Ru7B3 P63mc 3.3 90 1.1 F1 20 70
Re7B3 3.3 0.9 F1
La7Ir3 2.25 Y F1
Y3Pt4Ge13 Cc 4.5 19 3.8 F1
LaIr(As,P)14 I41md 3.1, 5.3 8.8,9.1 0.64,1.64
LaRhP14 2.5 7.0 0.27
PdBiSe15 P213 1.8 2.1 109
16 703
LaPtSi I41md 3.35 6.5 0.4 F1
Li2IrSi3
17 P31c 3.8 5.3 0.3
Cr2Re3B P4132 4.8 11.2 10 F1
(W,Mo)7Re13(B,C) 7.1-8.1 57.5-66.9 11.4-15.4 F1
Ca3Ir4Ge4 I 4¯3m 1.8 25
LaNiC2 Amm2 2.7 7.7 0.5 Y P/F2 42 181
ThCoC2
18 2.65 8.4 0.4
YPtBi F 4¯3m 0.77 1.5
LuPtBi 1.0 1.6
LaPtBi 0.9 1.5 F1
LuPdBi 1.7 11.9 2.2/2.9 F1
(Sm,Tb-Tm,Y)PdBi 0.6-1.6 0.5 (Y) 0.5-2.7
PbTaSe2 P 6¯m2 3.7 6.9 1.47 F F1
5FIG. 2. (a) Crystal structure of CePt3Si. Reprinted figure with permission from Ref. 19. Copyright 2004 by the American
Physical Society. (b) Penetration depth of CePt3Si showing linear behavior at low temperatures. Reprinted figure with
permission from Ref. 20. Copyright 2005 by the American Physical Society. (c) Upper critical field of CePt3Si along the [001]
and [100] directions. Reprinted figure with permission from Ref. 21. Copyright 2004 by the Physical Society of Japan.
in favor or against singlet-triplet mixing. We conclude our discussion of bulk materials by describing the properties
of NCS with topologically non-trivial band structures, which have potential for realizing novel properties such as
Majorana fermions. Finally we briefly review the properties of several low-dimensional superconducting systems,
which provide different paths for breaking inversion symmetry. In many of these systems, the strength of the ASOC
can be tuned more controllably, allowing for the detailed study of the effects of the ASOC on the superconductivity.
A. Non-centrosymmetric heavy fermion superconductors
1. CePt3Si
CePt3Si was the first reported noncentrosymmetric heavy fermion superconductor and is the only one confirmed to
display superconductivity at ambient pressure19,22,23. The noncentrosymmetric tetragonal crystal structure is shown
in Fig. 2(a) (space group P4mm), where a lack of a mirror plane perpendicular to the c axis removes inversion
symmetry, leading to a Rashba type ASOC. At TN = 2.2 K, the system orders antiferromagnetically, where the
magnetic moments lie in the ab plane and align ferromagnetically within the plane but antiferromagnetically between
adjacent layers24. Evidence for strong hybridization between 4f and conduction electrons due to the Kondo interaction
arises from both the large electronic specific heat coefficient19 of γ = 390 mJ/mol K2 and a reduced ordered moment
of 0.16 µB/Ce, compared to 0.65 µB/Ce expected for the deduced crystalline-electric field (CEF) scheme
24,25.
Superconductivity is observed at ambient pressure with a bulk Tc of around 0.7 K obtained from specific heat
measurements of polycrystalline samples19, while transitions at lower temperatures are often reported in single crystals,
at around 0.45 - 0.5 K25–28. The reason for such a large discrepancy is not clear and many single crystals also show
evidence for the inclusion of the high Tc phase
29,30, which may lead to higher onset values of Tc ∼ 0.7 K in resistivity
measurements25,27.The presence of two superconducting transitions is not likely to be intrinsic and the lower transition
has also been attributed to a magnetic transition arising from an impurity phase31. The upper critical field [Hc2(T )]
displays only a small anisotropy as displayed in Fig. 2(c)21, reaching zero temperature values of Hc2(0) ∼ 2.7 − 2.8 T
for H ‖ [100] and Hc2(0) ∼ 3.2 − 3.4 T for H ‖ [001], greatly exceeding the BCS Pauli paramagnetic limiting
field of 0.8 − 1.4 T in all directions. The relationship between antiferromagnetism and superconductivity in this
compound is of particular interest. Muon spin relaxation (µSR) measurements reveal that all muons are implanted
in magnetically ordered regions of the sample and therefore, there is microscopic coexistence between the magnetic
and superconducting phases32, instead of the competition between the phases observed in some other heavy fermion
superconductors such as CeCu2Si2
33,34. Both TN and Tc are suppressed upon applying pressure
21,35. However, while
the antiferromagnetic transition disappears around 0.6 − 0.8 GPa, Tc is suppressed to zero at a higher pressure
around 1.5 GPa and there is no apparent enhancement of superconductivity upon the disappearance of magnetic
order.
There are several pieces of evidence that the superconductivity of CePt3Si is unconventional. Firstly the supercon-
ducting state is very sensitive to non-magnetic impurities. Superconductivity can be suppressed by the substitution
6FIG. 3. Temperature dependence of the Knight shift of CePt3Si single crystals (a) perpendicular and (b) parallel to the c axis.
(c) Temperature dependence of 1/T1T of CePt3Si showing a coherence peak just below Tc. Reprinted figures with permission
from Ref. 44. Copyright 2006 by the Physical Society of Japan.
of just 4% Th for Ce or 10% − 15% Ge for Si22,36,37 and a pressure study of CePt3Si0.94Ge0.0638 demonstrates that
the suppression of Tc cannot be accounted for by the negative chemical pressure of Ge substitution, but is due to the
pair breaking effect of non-magnetic impurities on unconventional superconductivity. Secondly, penetration depth,
thermal conductivity and specific heat measurements all indicate the presence of line nodes in the superconducting
gap20,26,39. The electronic contribution to the specific heat divided by temperature Cel/T shows linear behaviour
over a large temperature range, up to around 0.3 K, which is evidence for the presence of line nodes26, instead of
the exponentially activated behaviour of fully gapped superconductors. The change in the London penetration depth
[∆λ(T )] measured using a tunnel diode oscillator based technique, shows linear behaviour of ∆λ(T ) below ∼ 0.16Tc,
for both polycrystalline [Fig. 2(b)]20 and single crystal40 samples, again indicating that there are line nodes in the
superconducting gap. This behaviour is different from the isostructural non-magnetic LaPt3Si, where the penetra-
tion depth is consistent with fully gapped superconductivity41. The thermal conductivity (κ/T ) of CePt3Si single
crystals39 shows a linear temperature dependence and nodal superconductivity is indicated by the large residual value
of κ/T , which arises due to scattering from small amounts of non-magnetic impurities. The field dependence of κ
increases much more rapidly at low fields than expected for fully gapped superconductors and the behaviour can be
explained by a gap structure with line nodes.
Since multiple experimental techniques provide evidence for unconventional superconductivity and line nodes in
the superconducting gap, there was particular interest in determining the nature of pairing state. The large values
of Hc2(0), greatly exceeding the Pauli paramagnetic limiting field in all directions suggested the possibility of triplet
superconductivity, despite the requirement of Anderson’s theorem that inversion symmetry is necessary for triplet
superconductivity42. While triplet states with a d-vector with d(k) ‖ γˆ(k) are protected in systems with broken
inversion symmetry, the corresponding state for CePt3Si has d(k) = xˆky − yˆkx, which has point nodes instead
of line nodes3. It was therefore suggested that line nodes may arise as a result of a mixed singlet-triplet pairing
state, where accidental line nodes arise on one of the split Fermi surface sheets due to the antisymmetric spin-orbit
coupling43. This possibility is discussed in more detail in Section V.
Nuclear magnetic resonance (NMR) is a powerful tool for probing the nature of the superconducting pairing state
and there have been several NMR studies of CePt3Si (Fig. 3). The main results can be summarized as follows: (1)
there is a peak in 1/T1T below Tc [Fig. 3(c)]
44–46; (2) the Knight shift remains constant upon crossing Tc down to
7low temperatures for fields applied along all crystallographic directions, as displayed in Figs. 3(a) and (b);44 (3) 1/T1
does not show the exponential behaviour of s-wave BCS superconductors45, with some measurements showing the
T 3 dependence expected for line nodes in the superconducting gap.46 Several aspects of these results remain quite
puzzling. A peak in 1/T1T is usually associated with a Hebel Slichter coherence peak observed in isotropic BCS
superconductors, and its observation in CePt3Si was associated with a two component order parameter arising from
singlet-triplet mixing47. However in Ref. 46, the peak in 1/T1T was also attributed to disordered regions with fully
gapped behaviour, while the high quality single crystal with a low Tc did not show any peak in 1/T1T and a T
3
dependence was observed at low temperatures.
The constant Knight shift in all directions is difficult to explain from considering the effects of spin-orbit coupling,
since it would be expected to remain constant only for fields applied along the c axis, perpendicular to γ(k). As a result,
Pauli paramagnetic limiting would also be expected to be absent only for fields along this direction, which contradicts
the nearly isotropic behaviour of Hc2(T ). Furthermore as discussed below, in the case of NCS with strong spin-orbit
coupling, Knight shift measurements and the absence of Pauli limiting can not distinguish between singlet and triplet
superconductivity and therefore these measurements can not determine the presence of singlet-triplet mixing. It was
also pointed out by S. Fujimoto that the effect of strong electronic correlations may lead to an enhancement of the
spin susceptibility and therefore the Knight shift in the superconducting state48. In addition, he suggested that line
nodes may arise when a fully gapped superconducting state coexists with antiferromagnetic order and since the gap
does not change sign at these accidental nodes, this may explain the presence of a coherence peak in NMR results49.
As a result of the presence of these additional complications, as well as the experimental difficulties of producing
high quality single crystals showing a single superconducting transition, unambiguously determining the nature of the
pairing state of CePt3Si remains a challenge and requires further experimental and theoretical investigations.
2. CeTX3 (T = transition metal, X = Si or Ge)
In addition to the superconductivity of CePt3Si at ambient pressure, pressure-induced superconductivity was dis-
covered in several compounds in the CeTX3 (T = transition metal, X = Si, Ge) series, which crystallize in the
body centered tetragonal crystal structure (space group I4mm) shown in the inset of Fig. 4(b). Much like the crystal
structure of CePt3Si, there is no mirror plane perpendicular to the c axis, which leads to broken inversion symmetry.
Four of these compounds have been reported to display superconductivity, CeRhSi3 for p > 1.2 GPa
50, CeIrSi3
for p > 1.8 GPa51, CeCoGe3 for p > 4.3 GPa
52 and CeIrGe3 for p > 20 GPa
53. All of these compounds order
antiferromagnetically at ambient pressure but the application of pressure suppresses TN leading to the observation of
a superconducting dome. The properties of the CeTX3 have often been explained in the context of the Doniach phase
diagram54,55, where there is competition between the intersite Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction
which leads to magnetic ordering and the onsite Kondo interaction which favors the formation of a non-magnetic
singlet. These results are summarized in the schematic phase diagram displayed in Fig. 4(a), where the positions
of various CeTX3 compounds are labelled based on the apparent strength of the hybridization between 4f and con-
duction electrons, which is enhanced by pressure. For the magnetically ordered compounds, there is evidence that
those with stronger hybridization lie in closer proximity to superconductivity. For example CeRhGe3 which orders at
TN = 14.6 K
56, shows no evidence of a reduced ordered magnetic moment due to Kondo screening57 and no supercon-
ductivity is observed up to at least 8 GPa55. Meanwhile, CeCoGe3 which becomes superconducting for p > 4.3 GPa
52,
shows a reduced ordered moment compared to that predicted from the CEF scheme58,59, while CeRhSi3 which becomes
superconducting at a lower pressure of 1.2 GPa50, displays an even more significant reduction60,61. Other CeTX3
compounds such as CeCoSi3 and CeRuSi3 are non-magnetic intermediate valence compounds with much stronger
hybridization between 4f and conduction electrons55,62.
As an example, Fig. 4(b) displays the temperature-pressure phase diagram of CeRhSi3. The TN of CeRhSi3 initially
increases, before being suppressed with pressure50, while for CeIrSi3, TN continuously decreases
51. At certain pressures
in the two compounds, both antiferromagnetism and superconductivity are observed and it is of interest to determine
whether TN disappears at the point where TN = Tc or whether it is suppressed to zero at a quantum critical point
(QCP). Indeed evidence for a QCP at p = 2.36 GPa was reported from µSR measurements of CeRhSi3
63. On
the other hand, although the resistivity in the paramagnetic state shows non-Fermi liquid behaviour with a linear
temperature dependence, there is evidence for a lack of the enhancement of magnetic fluctuations expected near a
QCP64. AC heat capacity measurements at low pressure for both compounds show a large anomaly for TN with a
small anomaly at Tc at lower temperatures
65,66. However in CeIrSi3, once Tc approaches TN , the magnetic transition
is no longer observed and the anomaly at Tc is greatly enhanced, with a very large jump of the ac heat capacity
(∆C/C) of 5.7 at 2.58 GPa, indicating very strongly coupled superconductivity. These results suggest that at lower
pressures, only a small fraction of the electrons form Cooper pairs, but once Tc = TN , there is much greater number
of electrons contributing to the superconducting state and a magnetic transition is no longer observed.
8FIG. 4. (a) Schematic phase diagram of CeTX3 compounds, as a function of the hybridization strength between the 4f and
conduction electrons. The labels AFM and SC denote the antiferromagnetic and superconducting phases respectively, while
NFL and IV indicate the regions where non-Fermi liquid and intermediate valence behaviors occur. The position of the putative
quantum critical point (QCP) is also labelled. (b) Temperature - pressure phase diagram of CeRhSi3. The Ne´el temperature
(TN), superconducting transition temperature (Tc) are displayed as well as T
∗, the position at which a kink in the resistivity
is observed below Tc. The crystal structure of CeRhSi3 is shown in the inset. Reprinted figure with permission from Ref. 50.
Copyright 2005 by the American Physical Society.
A remarkable feature of the CeTX3 superconductors are the extremely large and anisotropic values of Hc2(T )
67–69.
As shown in Fig. 5(a), Hc2(0) of CeRhSi3 reaches about 7 T for fields applied in the ab plane but is much larger for fields
applied along the c axis, where Hc2(T ) shows an upward curvature reaching up to ∼ 30 T at T = 0 for p = 2.9 GPa67.
As shown in the inset, the behaviour along the c axis clearly deviates from that of the Werthamer Helfand Hohenberg
(WHH) model generally used to describe conventional BCS superconductors. These values demonstrate that like in
the case of CePt3Si, the BCS Pauli limiting field is exceeded in all directions, but unlike CePt3Si which only shows a
small anisotropy in Hc2(T ), the values for fields applied along the c axis in CeTX3 are much larger. This is compatible
with calculations of the spin susceptibility for the permitted triplet state for this structure,6 which show the absence
of Pauli limiting in one direction and an enhanced Pauli limiting field along others. In this scenario, Hc2(T ) would
be limited by paramagnetic pair breaking for H ‖ ab but would be determined solely by the orbital limiting field for
H ‖ c, which may be enhanced in proximity to a QCP70,71. In this scenario, a magnetization perpendicular to the
applied field H ‖ ab is predicted in the vortex state, this is discussed in more detail in Section VIE.
To further characterize the pairing state, NMR measurements were also performed on CeIrSi3 [Figs. 5(b) and (c)].
NMR measurements on polycrystalline samples reveal a T 3 dependence of 1/T1 with no coherence peak just below
Tc, indicating an unconventional pairing state with line nodes in the superconducting gap [Fig. 5(b)]
72, similar to
several other heavy fermion superconductors. These measurements were performed at pressures of 2.7 − 2.8 GPa,
where antiferromagnetism is completely suppressed and in the normal state 1/T1 shows a ∼ T/
√
T + θ dependence
with θ ∼ 0 at 2.7 GPa, indicating a close proximity to a QCP. NMR measurements were also performed on single
crystals at a pressure of 2.8 GPa73 and as shown in Fig. 5(c), while there is no change in the Knight shift below Tc for
fields applied along [001], a decrease is observed for fields along [110], which is markedly different from the isotropic
constant value observed in CePt3Si. Such a decrease in the Knight shift for H ⊥ c is more in line with the behaviour
expected in the strong spin-orbit coupling limit. However, the decrease in the Knight shift is still relatively small,
reaching just ∼ 90% of the normal state value, compared to expected drop of ∼ 50%, which may again suggest an
enhancement due to strong electronic correlations.
3. UIr
Pressure induced superconductivity has also been reported in the noncentrosymmetric U-based heavy fermion com-
pound UIr74,75, which has a monoclinic structure with space group P21. At ambient pressure the system is an itinerant
ferromagnet with a relatively high ordering temperature of 46 K.74,75. With increasing pressure this ordering tem-
9FIG. 5. (a) Upper critical field of CeRhSi3 at various pressures along the [001] and [100] directions. The inset shows Bc2 along
[001], normalized by the slope of the curve near Tc, as well as the calculated results of a strong coupling model. Reprinted
figure with permission from Ref. 67. Copyright 2007 by the American Physical Society. (b) Temperature dependence of 1/T1 of
polycrystalline CeIrSi3 which shows good agreement with the calculated behavior for a gap model with line nodes. Reprinted
figure with permission from Ref. 72. Copyright 2008 by the American Physical Society. (c) Temperature dependence of the
Knight shift of single crystal CeIrSi3, which shows anisotropic behavior, being constant for applied fields along the c axis but
decreasing below Tc for fields applied perpendicular. From Mukuda et al.
73. Reprinted figure with permission from Ref. 73.
Copyright 2010 by the American Physical Society.
perature decreases and two additional pressure induced ferromagnetic phases are detected76. The magnetic ordering
temperature is finally suppressed to zero around 2.6 GPa, where there is superconductivity in a narrow pressure range
with Tc = 0.14 K. This material may be a good candidate for a triplet superconductivity, since superconductivity
appears on the border of ferromagnetism in common with many other U-based superconductors. However, the very
low value of Tc makes characterizing the superconducting state extremely challenging.
B. Nodal superconductivity in weakly correlated systems
1. Li2(Pd1−xPtx)3B
Given the novel behaviour of Ce based NCS along with both the experimental difficulties in measuring the su-
perconducting properties and the theoretical challenges in separating the effects of spin orbit coupling and strongly
correlated phenomena, the superconducting properties of many weakly correlated NCS have been studied. Perhaps the
best example of a weakly correlated system where unconventional superconductivity arises from tuning the spin-orbit
coupling is Li2(Pd1−xPtx)3B. This system crystallizes in a cubic non-centrosymmetric antiperovskite structure with
space group P4332, which consists of distorted (Pd,Pt)6 octahedra, with a B atom at the center
77. Both Li2Pd3B and
Li2Pt3B are superconductors with Tc of around 7.6 K and 2.7 K respectively
78,79. Superconductivity exists across the
entire compositional range and Tc decreases with increasing x. The weakly correlated nature of these systems can be
deduced from the low respective values of γ of 9 and 7 mJ/mol K280.
The properties of Li2(Pd1−xPtx)3B evolve from fully gapped, spin singlet superconductivity in Li2Pd3B to nodal
superconductivity in Li2Pt3B with a significant spin triplet component, which corresponds to an increasingly strong
ASOC as the heavier 5d Pt atoms are substituted for 4d Pd atoms. The significant number of (Pd,Pt) atoms in the
crystal structure makes this a good system for studying the effect of tuning the ASOC. The evidence for this change in
behaviour mainly arises from thermodynamic measurements which probe the gap structure and NMR measurements.
The first evidence for nodal superconductivity and the tuning of singlet-triplet mixing by the ASOC came from
penetration depth measurements of Li2Pd3B and Li2Pt3B by Yuan et al.
81. The tell-tale feature of line nodes in the
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FIG. 6. Penetration depth and superfluid density of Li2Pd3B and Li2Pt3B. The superfluid density has been fitted by a model of
mixed singlet-triplet pairing and the relative strengths of the singlet and triplet components of the order parameter are shown
in the inset. Also shown is the structure of one of the gap functions ∆−, which is anisotropic but fully gapped for Li2Pd3B but
has line nodes for Li2Pt3B. Reprinted figures with permission from Ref. 81. Copyright 2006 by the American Physical Society.
superconducting gap of Li2Pt3B, as shown in Fig. 6 is the linear temperature dependence of λ(T ) at low temperatures,
while the exponential behaviour observed in Li2Pd3B indicates a fully open superconducting gap. The temperature
dependence of the normalized superfluid density ρs can be obtained from λ(T ) and this was fitted using a model with
two gaps, which are an admixture of singlet (ψ) and triplet (t) components, ∆± = ψ ± t|γ(k)|. The physical basis
for this model is discussed in Section V (for this model it is assumed that the ASOC is sufficiently large that the spin-
triplet d(k) vector is parallel to the ASOC vector γ(k)). If t is sufficiently large, line nodes may arise “accidentally”
on ∆− at certain nodal values kn, where ψ − t|γˆ(kn)|=0 and kn is not determined by symmetry but by the relative
strengths of the triplet and singlet channels. Consequently, while the observation of line nodes is strong evidence
for a singlet-triplet admixture, their absence does not rule out, a priori, a mixed-parity gap. As shown in Fig. 6, ρs
of both compounds can be fitted by such a mixed-parity model and in Li2Pd3B, the singlet component dominates
and ∆− is anisotropic and fully open, but in Li2Pt3B the larger triplet component leads to a significantly different
temperature dependence of ρs and line nodes in ∆−. It should be noted that early specific heat measurements
80
and µSR measurements82,83 have been interpreted in terms of single band fully gapped superconductivity for both
compounds. However, subsequent electronic specific heat measurements of Li2Pt3B showed a T
2 dependence at low
temperatures84, which also supports the presence of line nodes.
NMR measurements85 also give evidence for a change in gap structure upon substituting Pt for Pd, as shown in
Fig. 7(a). The temperature dependence of 1/T1 for Li2Pd3B is consistent with fully gapped s-wave superconductivity,
namely a Hebel-Slichter coherence peak is present below Tc and the temperature dependence is well described by an
isotropic s-wave model with a reduced gap size of ∆0 = 1.1kBTc. However, the temperature dependence of 1/T1
of Li2Pt3B does not have a coherence peak and instead of an exponential temperature dependence, there is a T
3
dependence, which also indicates the presence of line nodes. Furthermore, Knight shift measurements are shown in
Fig. 7(b). An increase in the 11B Knight shift corresponds to a decrease in the spin susceptibility χs and this is
exactly what is seen below Tc in Li2Pd3B. However, the Knight shift of Li2Pt3B remains constant below Tc and is
unchanged from the normal state value. Similar results are observed in 195Pt NMR measurements85, indicating that
upon increasing the strength of the ASOC, the system changes from a decrease in χs below Tc, to a constant χs.
Since these strikingly different properties have often been interpreted as being due to different ASOC strengths,
there has been great interest in studying the evolution of the singlet-triplet mixing by studying Li2(Pd1−xPtx)3B with
intermediate values of x. Due to the large number of (Pd,Pt) atoms in the crystal structure, along with the significant
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FIG. 7. NMR measurements of Li2Pd3B and Li2Pt3B showing the temperature dependence of (a) 1/T1 and (b) the Knight
shift. The 1/T1 measurements of Li2Pd3B are fitted well to a BCS model and there is a Hebel-Slichter coherence peak just
below Tc, while no coherence peak is observed in Li2Pt3B and there is a T
3 dependence at low temperatures, indicating the
presence of line nodes. Reprinted figures with permission from Ref. 85. Copyright 2007 by the American Physical Society.
differences in the atomic masses of Pd and Pt, it is expected that the strength of the ASOC can be effectively tuned by
varying x and indeed the ASOC splitting near the Fermi level has been calculated to reach 30 meV for x = 0 but as
high as 200 meV for x = 186. From penetration depth measurements87, linear behaviour of λ(T ) and therefore nodal
superconductivity is reported for Pt rich samples, which is consistent with specific heat measurements84,88 showing
evidence for either line nodes or significant anistropy. From NMR measurements89, a coherence peak and fully gapped
behaviour of 1/T1 was found for x ≤ 0.8, along with a decrease of the Knight shift below Tc, whereas evidence for
nodal behaviour with a constant Knight shift below Tc was observed for x = 0.9. The authors argue that this change
is correlated with both distortions of the (Pd,Pt)6 octahedra and a reduction in the angle between adjacent corner
sharing octahedra. These structural changes in turn lead to significant enhancements of the ASOC, beyond that
expected for simply substituting Pt for Pd. It is suggested that the identification of such structural features provide
a further guide for finding NCS which show strong singlet-triplet mixing, beyond simply the presence of heavy atoms.
Therefore, the studies of intermediate compositions of the Li2(Pd1−xPtx)3B system, support the scenario that the
unconventional behaviour evolves as the ASOC is enhanced upon increasing Pt doping.
However, other explanations have also been proposed to explain the evolution of a nodal gap structure upon
increasing the Pt content. Indeed electronic calculations show that the bands which cross the Fermi level of Li2Pt3B
have an enhanced d character and significant nesting90,91. In Ref. 91, the pairing symmetry is proposed to be a
singlet s± state with accidental line nodes. While the difference in the behaviour of the Knight shift between the
Pd and Pt rich samples gives evidence for the effects of tuning the ASOC on the superconductivity, as discussed
below Knight shift measurements can not be used to distinguish between singlet and triplet superconductivity in
noncentrosymmetric superconductors. As a result, a wider range of measurements is desirable to directly measure the
presence of a triplet component, to detect whether there is evidence for singlet-triplet mixing.
2. Y2C3 and La2C3
Evidence for unconventional superconducting properties have also been found in the NCS Y2C3
92 and La2C3
93,
both of which crystallize in a body-centered non-centrosymmetric structure with space group I 4¯3d. Both compounds
display a wide range of Tc values which depends strongly on the sample synthesis conditions, with a relatively large
maximum Tc of 18 K for Y2C3
94,95 and 13.2 K for La2C3
93. The main evidence for unconventional superconductivity
in Y2C3 arises from penetration depth measurements of polycrystalline samples with Tc = 15 K
96, which show a
linear temperature dependence of ∆λ(T ) at low temperatures. This is indicative of line nodes in the superconducting
gap and given that this is a weakly correlated electron system, a natural conclusion would be that this arises from
mixed singlet-triplet pairing. However, there are reports of specific heat,97 µSR98 and NMR measurements99 which
are consistent with fully gapped superconductivity. Both the NMR and µSR data are also consistent with multiband
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FIG. 8. Normalized superfluid density ρs derived from TDO measurements of Y2C3. The ρs obtained from µSR measurements is
also shown, digitized from Kuroiwa et al.98 and the dotted lines show a fit to a two-gap model. A close up of the low temperature
region is displayed in the inset (a), which shows the clear deviation from fully gapped behavior at low temperatures. The other
inset (b) shows 1/T1 from NMR measurements by Harada et al.
99 and the reanalysis by Chen et al.96 hints at the onset of T 3
behavior. Reprinted figure with permission from Ref. 96. Copyright 2011 by the American Physical Society. (b) Temperature
dependence of the 13C NMR shift of La2C3 and Y2C3, where the data for Y2C3 was adapted from Harada et al.
99. Reprinted
figure with permission from Ref. 102. Copyright 2014 by the American Physical Society. (c) Hc2(T ) of Y2C3 with Tc = 15 K.
Reprinted figure with permission from Ref. 96. Copyright 2011 by the American Physical Society. (d) Photoemission spectrum
of La2C3. The solid lines show fits to a two-gap model, whereas the two components are shown by dashed lines. Reprinted
figure with permission from Ref. 103. Copyright 2007 by the American Physical Society.
superconductivity that is dominated by a large gap with ∆1(0)/kBTc ∼ 2.5 but also has a smaller contribution of
around 15−25% from a smaller gap ∆2(0)/kBTc ∼ 1. In fact, there may not be a particularly significant contradiction
between these measurements and at higher temperatures, as shown in Fig. 8(a) there is good agreement between the
values of ρs obtained from tunnel diode oscillator and µSR measurements. Furthermore the TDO data at higher
temperatures can also be well fitted by a similar two gap model. However the TDO measurements were performed
down to 90 mK, whereas the µSR, NMR and specific heat measurements were all carried out above 1.8 K and it
can be seen that in the inset of Fig. 8(a) there is a clear deviation in TDO measurements of ρs from the saturated
behaviour expected for fully gapped superconductivity. Furthermore, a reanalysis of the temperature dependence
of 1/T1 from Ref. 99[inset (b) of Fig. 8(a)], hints at the onset of T
3 behaviour at low temperatures96, which would
also suggest the presence of line nodes. Although the authors report the presence of a tiny coherence peak just
below Tc, its magnitude is significantly smaller than that expected for BCS superconductors. It should be noted that
electron tunneling spectroscopy100 and field dependent specific heat measurements101 are also consistent with fully
gapped superconductivity and therefore further measurements are required to determine whether there is a nodal gap
structure.
NMR measurements of the Knight shift of Y2C3 were also performed, which are shown in Fig. 8(b). There
is a decrease in the Knight shift below Tc, which was attributed to a decrease in χs and therefore spin singlet
superconductivity. However, this behaviour does not necessarily exclude an enhancement of the Knight shift due
to the ASOC, since these measurements were performed on polycrystalline samples and as discussed previously, the
Knight shift is only expected to remain constant along crystallographic directions perpendicular to γ(k). The upper
critical field Hc2(T ) may also be affected by the presence of ASOC. In the aforementioned Li2(Pd1−xPtx)3B, Hc2(0)
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is considerably lower than Hp
78,79 and therefore no information about the presence of Pauli paramagnetic limiting can
be deduced. However, as shown in Fig. 8(c), Hc2(0) of Y2C3 is large, reaching 28− 30 T when Tc = 15 K96,104. This
suggests that Hc2(0) may slightly exceed the weak coupling value of Hp = 1.86Tc ∼28 T. There are however other
explanations for increases of Hp beyond the Clogston-Chandrasekhar limit of 1.86Tc, such as an energy gap larger
than the BCS value105 and therefore this does not as of yet provide clear evidence for a suppression of paramagnetic
limiting as a result of ASOC.
An interesting contrast is provided by NMR measurements102 of La2C3, where as shown in Fig. 8(b), the Knight shift
is nearly constant through Tc. While this may be due to the effects of the ASOC, these measurements were performed
on polycrystalline samples and therefore the same caveat as discussed previously applies, that χs is only expected to
be constant perpendicular to γˆ(k). Furthermore, instead of a decrease 1/T1 below Tc, there is an anomalous increase
of 1/T1 with decreasing temperature. The origin of the highly unusual behaviour is not known but various sources
for the increase can be ruled out and it was suggested that it may arise as a result of collective modes of spin-triplet
Cooper pairs102. Two gap superconductivity has also been deduced from µSR98,106 and photoemission spectroscopy
measurements103. The photoemission spectrum in Fig. 8(d) deviates significantly from the behaviour of single band
s- and d-wave models but is well fitted by two bands. However, the specific heat of La2C3 could be accounted for by
a single band s-wave model with strong electron-phonon coupling107.
These results pose a question about whether the superconducting properties of R2C3 are governed by strong singlet-
triplet mixing. In this scenario, the two gaps would arise on the bands split due to the ASOC and if there are nodes
in Y2C3 these can arise accidentally when the triplet component exceeds the singlet. Since La is heavier than Y,
it might be expected that the ASOC strength and therefore the triplet component is stronger in La2C3 than Y2C3,
which is qualitatively consistent with the comparison between the Knight shifts and also the larger differences between
the magnitudes of the two gaps in La2C3. However, as discussed in the previous section, the ASOC strength upon
atomic substitution may be governed by more than simply the relative atomic weights and differences may arise due
to detailed structural differences. It should also be noted that the presence of multiple Fermi surface sheets in both
compounds107,108 means that if both compounds are nodeless, the two band superconductivity can also be naturally
explained by conventional multiband s-wave superconductivity. Along with the difficulties in interpreting NMR data
and confirming nodal behaviour, the nature of the pairing symmetry is not well understood and further measurements
are required to confirm whether there is mixed-parity pairing.
3. A2Cr3As3 (A = K, Rb, Cs)
The recently discovered superconductors A2Cr3As3 (A = K, Rb or Cs)
109–111 also show evidence for unconven-
tional behaviour. These compounds crystallize in a noncentrosymmetric hexagonal crystal structure (space group
P 6¯m2) consisting of concentric chains of [(Cr3As3)
2−]∞ units, with Cr on the inside and As on the outside, which
run along the c axis. Despite these quasi-one-dimensional structural features, electronic structure calculations reveal
that there are both two quasi-one dimensional and one anisotropic three-dimensional Fermi surface sheets112. The
most striking of the initially reported properties was the very high values of Hc2(T ). From low field measurements of
polycrystalline samples, of K2Cr3As3 (Tc = 6.1 K), Hc2(0) could be extrapolated to ∼ 32 T, significantly in excess
of the weak coupling Pauli limiting field109,113, which was taken as an indication of possible spin-triplet supercon-
ductivity. The presence of line nodes in the superconducting gap of K2Cr3As3 was suggested from penetration depth
measurements114–116, which show a linear temperature dependence. Unconventional superconductivity in K2Cr3As3
and Rb2Cr3As3 is also indicated by NMR measurements
117,118, where there is a lack of a coherence peak in 1/T1.
Despite the noncentrosymmetric crystal structure, the possibility of mixed singlet-triplet pairing has not been the
focus of theoretical work on this compound and spin triplet superconductivity has been predicted on the basis of
a three band Hubbard model driven by spin fluctuations119,120(this was calculated without including the ASOC).
On the other hand, other work has explained the properties as resulting from strong electron-phonon coupling and
suggested that the nodes may arise from the anisotropy of this coupling121. One interesting result in particular is
the measurement of Hc2(T ) of single crystals in high magnetic fields. In applied fields up to 14 T, Hc2(T ) only has
a small anisotropy and its value parallel to the direction of Cr chains (Hc2‖(T )) is greater than in the perpendicular
direction (Hc2⊥(T ))
113. However, at lower temperatures the curves cross and the behaviour of Hc2‖(T ) indicates
the presence of Pauli paramagnetic limiting with Hc2‖(0) ∼23 T, while Hc2⊥(T ) appears not to show Pauli limiting
with Hc2⊥(0) ∼37 T. This behavior is consistent with triplet superconducting states where the order parameter d(k)
lies along the c-axis, which means Pauli limiting is absent perpendicular to this direction. Indeed this is the case
for the pz pairing state given in Refs. 119, 120, and 122 . Furthermore, since there are pseudo-spin representations
corresponding to the point group D3h (see Table II) which do not couple to an in-plane Zeeman field, the effects of
the ASOC may also account for this behaviour. However, detailed characterization of the superconducting properties
are further complicated by the extreme air sensitivity of these materials and sample decomposition can affect the low
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FIG. 9. Conductance spectra from point contact spectroscopy measurements at 0.4 K of BiPd with (a) I ‖ b and (b) I ⊥ b. Also
shown are fits to a one-gap model (dotted lines), which can not account for the data and a two-gap model (solid lines) which
fit the data well. Reprinted figure with permission from Ref. 123. Copyright 2012 by the American Physical Society. (c) The
temperature dependence of the superfluid density of BiPd along two directions, obtained from penetration depth measurements
of BiPd from. The superfluid density was fitted with a two band model, with one isotropic and one anisotropic gap. A cross
section of the fitted gap structure is shown in the inset. Reprinted figure with permission from Ref. 124. Copyright 2014 by
the American Physical Society.
temperature properties109,114,115.
C. Fully gapped, weakly correlated superconductors
1. BiPd
The NCS α-BiPd crystallizes in a monoclinic structure (space group P21)
125 and becomes superconducting at
Tc = 3.8 K
126,127. The presence of multiple superconducting gaps in BiPd has been proposed on the basis of point
contact Andreev reflection (PCAR)123 and penetration depth measurements124.
The conductance as a function of the bias voltage from PCAR spectroscopy experiments is shown for BiPd, deep
in the superconducting state at 0.4 K, with I ‖ b and I ⊥ b in Figs. 9(a) and (b) respectively. A superconducting gap
is revealed by a peak in the conductance and the voltage at which this occurs depends on the gap size. The dominant
feature in all the spectra for both directions is a peak which corresponds to ∆1 ∼ 0.4 meV. In addition, it is reported
that some of the spectra for I ‖ b show a second smaller gap around ∆2 ∼ 0.1 meV, while some with I ⊥ b show
second larger gap ∆2 ∼ 0.8 meV, as clearly shown in Fig 9(b). The data for both orientations can be accounted for
by a two gap Blonder-Thinkham-Klapwijk (BTK) model but not one with a single gap, indicating the presence of
multiple superconducting gaps. In addition, some spectra show a peak at zero voltage bias which is ascribed to the
presence of Andreev bound states, suggesting a sign change of the superconducting gap on the Fermi surface. On this
basis the authors propose that the two gaps arise from singlet-triplet mixing, where one gap ∆1 is fully open, while
the second gap ∆2 is highly anistropic and changes sign across the Fermi surface. On the other hand, measurements
of the differential conductance using scanning tunneling spectroscopy128 show different results to the PCAR data,
where no peak at zero bias is observed and the data can be fitted by a single band s-wave model.
The superfluid density obtained from penetration depth measurements124 can also be fitted with a two-gap model
[Fig. 9(c)], with one isotropic gap ∆1 ∼ 0.41 meV and an anisotropic gap ∆2 which has a maximum amplitude of
0.8 meV. A cross section of the structure of the fitted gaps is shown in the inset of Fig. 9(c). This shows reasonable
agreement with the PCAR data and the results indicate that there are no nodes on either of the gaps. The presence
of an anisotropic two-gap structure is also consistent with a splitting due to ASOC of around 50 meV129 which is
slightly higher than the similarly nodeless Li2Pd3B, but smaller than the nodal Li2Pt3B. However, the spin relaxation
rate 1/T1 obtained from nuclear quadrupole measurements (NQR)
129 could be fitted by a single band s-wave model,
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FIG. 10. Temperature dependence of 1/T1 of BiPd from NQRmeasurements from Matano et al.
129, showing a reduced coherence
peak below Tc. Reprinted figure with permission from Ref. 129. Copyright 2013 by the Physical Society of Japan.
FIG. 11. Conductance spectra of Nb0.18Re0.82 showing a clear two peak structure, which has been fitted by a two-gap model.
Reprinted figure with permission from Ref. 130. Copyright 2015 by the American Physical Society.
although curiously the size of the coherence peak below Tc is greatly reduced (Fig. 10), which may also indicate
anisotropy of the superconducting gap.
The fact that in BiPd, the two band behaviour from PCAR is corroborated by thermodynamic measurements gives
further evidence for multi-band behaviour, but the lack of two gap features in the scanning tunneling spectroscopy
spectra needs to be accounted for. In addition it is clear that while two band behaviour is consistent with the presence
of significant singlet-triplet mixing, it by no means demonstrates its presence. Electronic structure calculations131
reveal that there are multiple Fermi surface sheets and therefore the multi-band superconductivity could also be of
the conventional s-wave type.
2. Re based superconductors with the α-Mn structure
Several superconductors are found to form in the cubic noncentrosymmetric α-Mn structure (space group I 4¯3m),
many of which contain Re and other heavy elements. The NbxRe1−x system forms in the α-Mn structure
132 for
0.13 ≤ x ≤ 0.38, where the unit cell is large, containing 58 atoms occupying four sites. Given that all of the heavy
Re atoms occupy noncentrosymmetric positions, it was considered a good candidate for looking for the effects of
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FIG. 12. The 11B Knight shift of Mg10+xIr19B16−y (x = − 0.7, y = − 0.7 and x = − 0.5, y = − 1.1). The red solid
and the green dashed lines show the purely singlet behavior calculated for the two compounds, while the black solid line shows
the calculation of mixed singlet and triplet pairing. Reprinted figure with permission from Ref. 141. Copyright 2009 by the
American Physical Society.
strong ASOC and in particular, it might be expected that the ASOC could be tuned by varying x. Despite this,
thermodynamic measurements such as the penetration depth and specific heat133,134 as well as NMR measurements135
for x ∼ 0.17 − 0.18 were all explained in terms of single band, isotropic s-wave superconductivity with either a
moderately enhanced gap size, or a gap very close to the BCS value in the case of NMR. In addition, measurements
of other isostructural superconductors Re3W
136,137 and Re24Ti5
138 were also shown to be well fitted by a single band
model, while µSR measurements of Re6Zr suggest fully gapped behaviour and time reversal symmetry breaking
139
(this is discussed in more detail in Section IID).
On the other hand, point contact spectroscopy and specific heat measurements of Nb0.18Re0.82 also provide evidence
for two band superconductivity130. As shown in Fig. 11, two peaks are observed in the conductance spectra, without
evidence for a zero bias voltage peak. The spectra could be fitted by an isotropic two-gap BTK model, with gap
amplitudes of 1.99 meV and 1.0 meV at 4.2 K. Evidence for the presence of two energy scales in the superconducting
state of Nb0.18Re0.82 was also found from an analysis of the derivative of the specific heat and the data could also
be accounted for by a two-gap model130. This is therefore another system where two-gap superconductivity has been
suggested from point contact spectroscopy, while some other measurements are consistent with single-gap behaviour.
As in the case of BiPd, if there is multi-gap behaviour in Nb0.18Re0.82, this would not necessarily imply singlet triplet
mixing since more than one band crosses the Fermi level140. Further systematic measurements as a function of Re
content may help clarify the gap structure of the NbxRe1−x system and determine the role played by the ASOC in
determining the superconducting properties.
3. Mg10+xIr19B16−y
The Mg10+xIr19B16−y series of superconductors
142 form in the same noncentrosymmetric space group as NbxRe1−x,
but with a different crystal structure. These materials have been widely studied without firm conclusions about the
nature of the pairing state. Evidence for two gaps was reported on the basis of penetration depth measurements143.
Converting the data to superfluid density, they found a mixed singlet-triplet model with two anistropic but fully open
gaps fits the data at least as well, or possibly even better than a conventional isotropic two-gap picture. Although spe-
cific heat144,145 and transverse field µSR data146 were well fitted by a single-gap model, point contact spectroscopy145
measurements were better understood in terms of two-gaps due to the presence of two features in the conductance
spectra. NMR measurements of the Knight shift are shown in Fig. 12 for two compositions (x = −0.7, y = −0.7 and
x = −0.5, y = −1.1)141. An increase in the 11B Knight shift corresponds to a decrease in the spin susceptibility and in
the Mg deficient compound this follows the expected behaviour for spin singlet superconductivity, while the increase
for Mg rich sample is not as large as the expected curve for singlet behaviour shown by the green dashed line. This
suggests that there remains a finite spin susceptibility and they argue that the higher Tc of the x = 0.7 sample
suggests fewer defects. The residual spin susceptibility is attributed to defects which enhance the ASOC, leading to
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a smaller reduction in the Knight shift than expected for BCS superconductivity.
4. Other fully gapped noncentrosymmetric systems
Another focus for the study of weakly correlated NCS was to compare the superconducting properties of Ce based
NCS with the non-magnetic compounds LaPt3Si and RTX3 (R = La, Sr or Ba; T = transition metal; X = Si or Ge),
which are isostructural to CePt3Si and CeRhSi3 respectively. Unlike CePt3Si, LaPt3Si is a weakly correlated material
with γ = 11 mJ/mol K2 and becomes superconducting below Tc = 0.6 K
26. Measurements of the specific heat
and penetration depth demonstrate that instead of the nodal superconductivity of CePt3Si, LaPt3Si is a fully gapped
superconductor26,41 and these results, along with NMR measurements are consistent with BCS superconductivity147.
A considerably larger number of RTX3 superconductors have been studied and thermodynamic measurements of
Ba(Pt,Pd)Si3
148,149, La(Rh,Pt Pd,Ir)Si3
150–154, Ca(Pt,Ir)Si3
155,156, Sr(Ni,Pd,Pt)Si3
149 and Sr(Pd,Pt)Ge3
149,157 are
consistent with fully gapped, s-wave superconductivity with energy gaps similar to or slightly below the isotropic,
weak coupling BCS value, although in the case of CaIrSi3, which has the highest Tc (3.6 K) of the aforementioned
compounds, a larger gap value is inferred from µSR measurements156. Unlike the CeTX3 superconductors, which
have extremely large upper critical fields, the weakly correlated RTX3 superconductors either have moderate values
of Hc2(0), typically less than 0.3 T obtained from bulk measurements
148,149,152,155 or are type-I superconductors, as
in the case of La(Rh,Pd,Ir)Si3
150,152,154. Interestingly, the resistivity of several of these compounds show significantly
different behaviour under magnetic fields and the (upper) critical field derived from resistivity measurements is
significantly larger and curves upwards at low temperatures148,152,154,155, unlike the conventional behaviour of Hc2(T )
described by the WHH model. While most of the reports have been on polycrystalline material, similar behaviour
was also observed in single crystals of LaRhSi3
158. It would be interesting to determine whether the much more
robust superconductivity in the resistivity is an intrinsic feature or whether it is an extrinsic effect, possibly due to
the presence of regions with a larger number of defects, leading to a reduced mean free path155. Weakly correlated
RTX3 superconductors have also been studied using detailed electronic structure calculations
23,148,149. In all the
compounds, the bands are split by the ASOC and there is significant splitting at some positions. However in the
vicinity of the Fermi level EF , the splitting is small and mainly discernable near the Brillouin zone boundaries. It
is suggested that since the band splitting at EF is of primarily importance for the superconducting properties, the
weak effect of the ASOC near EF explains the agreement between the physical properties of weakly correlated RTX3
superconductors and single band BCS superconductivity148,149.
The properties of other NCS have also been found to be consistent with single band BCS superconductivity.
Some examples include (Rh,Ir)2Ga9
159,160, (Re,Ru)7B3
129,161,162, LaPtSi163, Cr2Re3B
164, (W,Mo)7Re13(B,C)
165 and
Y3Pt4Ge13
166. Although early measurements of Mo3Al2C hinted at unconventional superconductivity
167,168, this was
later attributed to the presence of superconducting impurity phases and the behaviour was described by single band
s-wave behaviour169,170. While all these NCS show evidence for single band s-wave superconductivity and therefore
an absence of significant singlet-triplet mixing, in some instances the properties have only been characterized by a
few measurements and as demonstrated in the preceding sections, in several systems evidence for two-band behaviour
is not readily discernable using some techniques, particularly if the two gaps are a similar size. For some compounds
mainly consisting of light elements, the lack of significant ASOC and singlet-triplet mixing is readily understandable.
However, for others such as Re3W and Re24Ti5 which mainly consist of heavy elements, there would be expected to
be an appreciable ASOC and evidence for two-gap behaviour is only seen in some measurements of the isostructural
NbxRe1−x. It is clear that despite the intrinsic mixed-parity pairing expected when inversion symmetry is broken,
many weakly correlated NCS show evidence for entirely singlet s-wave pairing. The reasons for these differences and
the lack of singlet-triplet mixing remain to be determined, but it may be the case that in addition to the presence of
a significant ASOC, there also needs to be pairing interactions in both the singlet and triplet channels for there to be
significant parity mixing.
D. Time reversal symmetry breaking: both evidence for and against parity mixing.
One hallmark of unconventional superconductivity is the breaking of additional symmetries in the superconducting
state and in certain triplet states time reversal symmetry (TRS) is broken. As a result spontaneous magnetic moments
arise below Tc and these can be detected using muon spin relaxation (µSR) measurements, which can probe the local
magnetic field distribution of a sample, without an applied field. The asymmetry of the emitted positrons as a function
of time gives information about the field distribution at the muon stopping site and in particular, a faster decay of
the asymmetry below Tc indicates the formation of spontaneous magnetic fields
172.
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FIG. 13. (a) Zero field µSR measurements of LaNiC2 measured at 0.054 K (blue) and 3 K (red), where a faster decay of the
asymmetry below Tc is clearly observed. The temperature dependence of the exponential relaxation rate λ is shown for (b)
zero field, where there is a clear increase below Tc and (c) a field of 5 mT, where there is no change. Reprinted figures with
permission from Ref. 171. Copyright 2009 by the American Physical Society. (d) Temperature dependence of the Kubo-Toyabe
relaxation rate σ from zero field µSR measurements of Re6Zr, which also increases below Tc. Reprinted from Ref. 139, available
under a Creative Commons Attribution 3.0 License.
Time reversal symmetry breaking has been detected using µSR in the NCS, LaNiC2
171, Re6Zr
139 and La7Ir3
173.
Figure 13(a) shows zero-field µSR measurements of LaNiC2 performed above and below Tc = 2.7 K. Below Tc as
shown by the blue points, there is a noticeably increased decay rate of the asymmmetry. The data were fitted with the
product of two decay functions and the exponential decay rate λ, associated with a Lorentzian field distribution, shows
a sudden increase at Tc (Fig. 13(b)). This is taken as an indication of the formation of spontaneous magnetic fields at
Tc and therefore time reversal symmetry breaking. The effect is not seen in an applied field of 5 mT [Fig. 13(c)], which
is sufficient to decouple the muon from these local fields. TRS breaking was also observed in the superconducting
state of Re6Zr
139, as shown in Fig. 13(d), although in this instance the exponential relaxation rate remains constant,
but there is an increase of the Kubo-Toyabe relaxation rate σ below Tc.
If the superconducting states of LaNiC2 and Re6Zr do break TRS, two further questions arise; does TRS breaking
necessarily imply spin triplet superconductivity and do the results support the presence or absence of singlet triplet
mixing? Insights into these questions have been provided by means of group theoretical analysis139,171,174. LaNiC2
has a noncentrosymmetric orthorhombic crystal structure (space group Amm2)175. Due to the low symmetry of the
point group of the crystal structure (C2v) of LaNiC2, all the allowed TRS breaking states correspond to non-unitary
triplet pairing171, where there is spin polarization of the Cooper pairs176. Furthermore, when there is significant
spin-orbit coupling, the non-unitary triplet states are no longer allowed to form at Tc
174. Therefore the observation
of TRS breaking at Tc implies that the effect of the ASOC on superconductivity is weak, which is evidence against
significant singlet-triplet mixing in LaNiC2. It should be noted that it would be possible for TRS to be broken
at a second transition below Tc, but no evidence for this has been observed. The fact that TRS breaking is also
observed in the similar but centrosymmetric LaNiGa2
177 further indicates that in this instance, the breaking of TRS
in LaNiC2 is unlikely to be a result of the lack of inversion symmetry. In the case of Re6Zr, the crystal structure is
the noncentrosymmetric cubic α-Mn type, which has a much higher symmetry. As a result, a TRS breaking mixed
singlet-triplet state can be permitted139. However, another result of the high symmetry of the point group is that
broken TRS in Re6Zr may not necessarily imply the presence of a spin triplet component and it has been suggested
that TRS breaking multiband s-wave superconductivity with a conventional pairing mechanism can arise in some
cubic systems178.
Measurements of the gap structure of LaNiC2 have produced conflicting results, with evidence for nodal behaviour
suggested from early specific heat175 and penetration depth measurements179. However, later specific heat180,181 and
penetration depth measurements181 as well as NQR experiments182 indicate fully gapped behaviour, with two-band
superconductivity being proposed in Ref. 181. All the allowed TRS breaking triplet states for LaNiC2 have nodes
171
and how to reconcile the TRS breaking and fully gapped superconductivity is currently an important issue. Further-
more, evidence for two gap superconductivity has also been found in centrosymmetric LaNiGa2, indicating that this is
another common feature of these compounds183. Meanwhile transverse field µSR measurements139 of the penetration
depth indicate that Re6Zr is fully gapped, but there is as of yet no evidence for multiband superconductivity. In the
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NCS La7Ir3
173, where TRS was also recently reported to be broken, the penetration depth obtained from transverse
field µSR measurements was fitted with a single fully gapped model. Further progress may be made from detailed
measurements of single crystals. The recent successful growth of single crystals of LaNiC2 may allow for the super-
conductivity to be probed using a wider range of techniques184. The synthesis of Re6Zr single crystals has yet to be
reported and the high melting point of Re rich alloys presents a challenge for crystal growth. However, the successful
growth of Nb0.18Re0.82 single crystals using the optical floating zone technique
185 may be a promising method for
obtaining Re6Zr crystals.
These results indicate that zero field µSR can be a powerful tool for looking for TRS breaking and therefore triplet
superconductivity. Where evidence has been obtained from µSR measurements, it is particularly important to find
other experimental evidence which supports the presence of broken TRS and triplet superconductivity. This has been
achieved for example in centrosymmetric Sr2RuO4 which is widely believed to be a spin triplet superconductor
186,
where evidence for TRS breaking has been observed using µSR187 and polar Kerr effect188 measurements. Indeed
further evidence has been found in the case of LaNiC2 from measurements of a small spontaneous magnetization along
the c axis below Tc
189. In many instances the presence or absence of TRS breaking can not definitively demonstrate or
rule out the presence of triplet pairing, since there are triplet states where TRS is not broken and there can be other
explanations for TRS breaking other than triplet superconductivity176. However in the case of LaNiC2, the results of
the symmetry analysis should perhaps provide a cautionary note that the observation of unconventional behaviour in
NCS can not necessarily be taken as evidence for singlet-triplet mixing, but may in fact be evidence for its absence.
E. Non-centrosymmetric superconductivity in topological systems
The half Heusler alloys are a series of compounds which have recently attracted particular attention. These com-
pounds lack inversion symmetry and many have been predicted to have topologically non-trivial surface states, due
to the presence of a band inversion in the electronic structure190. One such compound is YPtBi which becomes
superconducting at Tc = 0.77 K
191. Measurements of the transverse field magnetoresistance at low temperatures
reveal that the spin-orbit coupling splits the Fermi surface into two similar sized sheets and the carrier density n is
surprisingly low compared to most other superconducting systems191. Calculations on the basis of the BCS theory
of superconductivity indicate that much larger values of n are necessary to account for the value of Tc, which was
taken to suggest that the superconductivity of YPtBi can not be explained within the framework of the conventional
electron-phonon pairing mechanism, but rather that there is unconventional pairing192. Meanwhile Hc2(T ) remains
linear to low temperatures, in excess of the orbital limiting field of 0.85 T calculated from WHH theory, but it can
be extrapolated to a zero temperature value of ∼ 1.5 T, close to the weak coupling Pauli limit. Although µSR
measurements were unable to provide λ(T ) of sufficient precision193, recent measurements of ∆λ(T ) showed linear
behaviour at low temperatures, indicating the presence of line nodes194. Due to the band inversion and the four fold
degeneracy of the bands near the Fermi level, it was suggested that the Cooper pairs may form between fermions
with j = 3/2, instead of the commonly considered j = 1/2194,195. As a result, pairing states with higher angular
momentum such as quintet (J = 2) and septet (J = 3) states may occur, in addition to the singlet (J = 0)
and triplet (J = 1) states arising from j = 1/2 pairing. It was suggested that the superconducting state may
correspond to mixed-parity pairing involving these higher angular momentum states, where the line nodes may arise
from a mixture of singlet-septet pairing194,195.
Other half Heusler alloys displaying both band inversion and superconductivity are RPdBi (R = Ho, Er, Tm or
Lu)196–198 (Tc ∼ 1.2 − 1.7 K), LuPtBi199 (Tc ∼ 1.0 K) and LaPtBi200 (Tc ∼ 0.9 K). Meanwhile other half heusler
compounds showing superconductivity include RPdBi (R = Sm, Dy, Tb or Y)198, although for these compounds,
the electronic structures are predicted not to show band inversion, but to be topologically trivial190,198. Another
interesting feature of the RPdBi superconductors is that when R is a magnetic element, the compound displays both
magnetic order and superconductivity196,198. The relationship between the superconducting and magnetic phases in
these compounds is yet to be determined and requires further detailed measurements. For most of the superconducting
half Heusler alloys, the superconducting gap structure has yet to be characterized. Besides the case of YPtBi discussed
previously, the specific heat below Tc ∼ 1.7 K of LuPdBi was fitted by an isotropic, fully gapped single band model
with a gap larger than the weakly coupled BCS value197 and 1/T1 obtained from NQR measurements of LaPtBi
shows the coherence peak just below Tc expected for s-wave superconductivity . It is therefore important for the gap
structure of a wider range of half Heusler alloys to be measured, which is made more challenging in some instances
by a lack of a superconducting transition observed in specific heat measurements198.
Another promising candidate for topological superconductivity is the NCS PbTaSe2
201, which has a Tc of 3.7 K.
It was previously proposed that NCS may be ideal systems for observing Majorana modes, as long as the triplet
component is larger than the singlet one202. This is unlikely to be the case for PbTaSe2, where the penetration depth
and superfluid density are well accounted for by a single-gap s-wave model203, indicating that any triplet component
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FIG. 14. Temperature dependence of the ratio of the in-plane upper critical and the Pauli limiting field for atomically thin
and bulk (a) NbSe2, reprinted by permission from Macmillan Publishers Ltd: Nature Physics (Ref. 207), copyright 2016;
(b) MoS2, from Ref. 208. Reprinted with permission from AAAS. (c) Out of plane upper critical field of CeCoIn5/YbCoIn5
heterostructures, normalized by the orbital limiting value at zero temperature. The solid line shows the bulk value while the
dashed line shows the values for purely orbital limiting. The main panel shows data for heterostructures with five CeCoIn5
layers with different thicknesses of YbCoIn5, while the inset shows the values for five YbCoIn5 layers with different numbers n
of CeCoIn5 layers. Reprinted figure with permission from Ref. 209. Copyright 2014 by the American Physical Society.
should be very small. However it is reported in Ref. 204 that PbTaSe2 has topologically non-trivial Dirac surface
states and as a result, fully gapped superconductivity induced in these states is sufficient to allow for Majorana
bound states. Since there is evidence for fully gapped superconductivity in PbTaSe2 obtained from a variety of
measurements203,205,206, it is highly desirable to look for signatures of Majorana fermions in this system. Indeed the
requirement that the superconducting gap is fully open is significantly less stringent than the need for a dominant
triplet component and therefore the identification of NCS with such non-trivial surface states may be a promising
route for observing such novel behaviour.
F. Two dimensional superconductivity: Interfaces, monolayers and heterostructures
The properties of low-dimensional systems has been an important topic in condensed matter research in recent
years, which show a wide range of unusual phenomena. For example, a two dimensional conducting layer can be
formed at the interface of two bulk insulators210,211 and superconductivity has also been observed at the interface
of some systems such as LaAlO3/SrTiO3
212 and LaTiO3/SrTiO3
213. Another route to realizing two-dimensional
superconductivity is via single layers of materials, which may be non-superconducting in the bulk, as in the case of
the semiconductor MoS2
214,215 or also have bulk superconductivity as with NbSe2
216. Superconductivity in many of
these systems is either induced or enhanced upon the application of a gate voltage217–219. An important property
of these interfaces and surfaces is that inversion symmetry is broken and the electrons experience a Rashba type
spin-orbit interaction, the strength of which can be tuned by varying the applied gate voltage220,221. These systems
therefore provide a valuable opportunity to study the effects of ASOC on the superconducting properties.
An example of this phenomena is the recent evidence for Ising superconductivity in both monolayer NbSe2
207,
and MoS2 with an applied gate voltage
208. For single layers of both these systems, inversion symmetry is broken
within the plane, so instead of a Rashba type interaction, the predominant effect of the resulting ASOC is to give
rise to an effective magnetic field which locks the spins perpendicular to the plane. This is described later in more
detail in Section III. As discussed previously, an applied field greater than the Pauli paramagnetic limiting value
can induce a Zeeman splitting which breaks singlet Cooper pairs. However, since the fermion spins in these systems
are locked perpendicular to the plane, they show an unusual resilience to in-plane magnetic fields. The temperature
dependences of the in-plane upper critical field (Hc2‖) are displayed in Fig. 14. For NbSe2 (Fig. 14(a))
207, the values
for the atomically thin samples are compared to the values from the bulk material as well as the out of plane upper
critical field (Hc2⊥). In Fig. 14(b)
208 the values from the thin samples are compared to the bulk behaviour of MoS2
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intercalated with alkali metals. In both cases the bulk Hc2 has a linear temperature dependence and remains lower
than Hp. Upon reducing the dimensionality there are two effects which enhance Hc2‖. Firstly, once the thickness
becomes less than λ, in-plane orbital pair breaking significantly weakens. Secondly, Hc2‖ greatly exceeds Hp, reaching
more than 6Hp for monolayer NbSe2 and more than 4Hp in MoS2. Instead of a linear temperature dependence,
square root behaviour of Hc2‖(T ) is observed. When the applied field is sufficiently large compared to the effective
field from the ASOC, the spins will tilt towards the plane and paramagnetic pair breaking can occur. From fitting
the data (solid line in Fig. 14(a)), the effective field is estimated to be ∼ 660 T for monolayer NbSe2 and ∼ 114 T
for MoS2, which are consistent with theoretical calculations of the band splitting. These results therefore provide
strong evidence for a significant effect of ASOC on low dimensional superconducting systems. A range of further
novel superconducting properties have been proposed to result from the enhanced ASOC, including a Fulde-Ferrell-
Larkin-Ovchinikov (FFLO) -type state222 and topological superconductivity.223
Superconductivity has also been observed in two-dimensional Kondo lattices via the creation of heterostructures
consisting of layers of CeCoIn5 and YbCoIn5
224. CeCoIn5 is a centrosymmetric heavy fermion superconductor
225
and superlattices can be grown consisting of n layers of CeCoIn5 interspaced with non-superconducting YbCoIn5
224.
Superconducting transitions are observed in resistivity measurements for all n, but zero resistivity is only seen for n ≥ 3
and the large difference in the Fermi velocity between the two materials means that two-dimensional superconductivity
can be realized. Since inversion symmetry is more strongly broken at the interface of the two types of layer, the ASOC
can be tuned by varying the layer thickness. The angular dependence Hc2(θ) was measured for a different number
of CeCoIn5 layers n = 3 − 5226. For n = 3, a cusp is observed near Tc in Hc2(θ) at θ = 0, corresponding to the
in-plane direction. This feature becomes rounded and less pronounced for larger n and for n = 3 it also weakens upon
reducing the temperature. Such a cusp is expected for a two-dimensional superconductor with orbital pair breaking
and therefore the weakening with increasing n was interpreted as an increased contribution of Pauli paramagnetic
limiting, which dominates Hc2 of the bulk material. The change in shape of Hc2(θ) upon reducing the temperature,
which is only seen in the n = 3 sample, was interpreted as a signal of an FFLO-like state, where the superconducting
order parameter has a real space modulation. In fact this has been proposed to be a mixed-parity pair density wave
state227,228 where there is a spatially uniform spin triplet component, but the sign of the singlet component varies
between layers.
In the inset of Fig. 14(c), Hc2(θ = π/2) is plotted for different n, normalized by the zero temperature orbital
limiting field209. It can be seen that for all n, the data lie between the bulk behaviour, which is strongly Pauli
limited (solid line), and the purely orbital limiting case (dashed line). With decreasing n the data get closer to the
orbital limiting line, indicating the weakening of Pauli limiting. More complex superlattice structures have also been
fabricated, where the YbCoIn5 layers are no longer all of the same thickness but alternate between m and m
′ layers,
giving a (n : m : n : m′) arrangement209. As displayed in the main panel of Fig. 14(c), Pauli limiting is also weakened
with increasing |m − m′| when n is fixed. These results give evidence for the reduction of paramagnetic limiting
upon varying the degree of inversion symmetry breaking and demonstrate the potential of using heterostructures as
a means of controllably tuning the ASOC.
III. THEORY: ANTISYMMETRIC SPIN-ORBIT COUPLING
In the remainder of the article, we provide the theoretical basis for understanding experimental results. The
key ingredient is the antisymmetric spin-orbit coupling (ASOC). In this Section we present an overview of this
interaction. From a microscopic point of view, the ASOC stems from the spin-orbit interaction, which is proportional
to S · (∇U(r)×P) where S is spin, U(r) is the lattice potential experienced by the electrons and P is the momentum
operator. When the spin-orbit interaction is expressed in a basis of Block spinors, the broken inversion symmetry
reveals itself though ∇U(r) and leads to the second term in the Hamiltonian of Eq. 8. In the following we rely on
symmetry arguments to construct the form of the ASOC.
Prior to discussing the non-centrosymmetric case, it is useful to review the situation when parity (P) and time-
reversal T symmetries are present (here we adopt a formalism and notation similar to Ref. 229). In this case, at each
momentum k, there are two degenerate states, the state |k, α〉 and the state PT |k, α〉. In particular, we can define a
pseudo-spin basis through |k, ↑〉 and |k, ↓〉 = PT |k, ↑〉. Since they are fermions, these states satisfy T 2|k, s〉 = −|k, s〉
and we take T = −iσyK where K is the complex conjugation operator. The two states at momentum k are degenerate
with two states at momentum −k, these we take to be | − k, ↑〉 = P|k, ↑〉 and | − k, ↓〉 = T |k, ↑〉. It is important to
understand, particularly with strong spin orbit coupling, that the pseudo-spin basis defined this way is not necessarily
the same as the usual spin 1/2 basis.
From the two-dimensional pseudo-spin basis at momentum k, single particle operators can be constructed from the
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following Pauli-matrix like Hermitian operators
σ˜x(k) =|k, ↑〉〈k, ↓ |+ |k, ↓〉〈k, ↑ | (5)
σ˜y(k) =−i|k, ↑〉〈k, ↓ |+ i|k, ↓〉〈k, ↑ | (6)
σ˜z(k) =|k, ↑〉〈k, ↑ | − |k, ↓〉〈k, ↓ |. (7)
Note that under T , these operators transform as σ˜i(k) → −σ˜i(−k) and under P , σ˜i(k) → σ˜i(−k). In many cases,
a unitary transformation can be found such that σ˜x, σ˜y , σ˜z transform as the usual Pauli matrices σx, σy, σz under
spatial rotations. In the following, when such a transformation exists, we will use the notation σx, σy, σz but will keep
the notation σ˜x, σ˜y, σ˜z when such a transformation does not exist. The single particle Hamiltonian expressed in these
operators takes the form ξ(k)σ0 (where σ0 is the identity matrix) because: i) the Hamiltonian is Hermitian; and ii)
under PT , σ˜i(k)→ −σ˜i(k) and the Hamiltonian must be invariant under this operation.
We now consider the case when parity symmetry is broken. In particular, with just T symmetry, the single particle
Hamiltonian takes the form ξ(k)σ0 +
∑
i γi(k)σ˜i; requiring that the Hamiltonian is Hermitian imposes ξ(k) = ξ
∗(k)
and γi(k) = γ
∗
i (k) and the condition of time reversal invariance further implies ξ(k) = ξ(−k) and γi(k) = −γi(−k).
This leads to the following time-reversal invariant single-particle Hamiltonian in a crystal without parity symmetry
H0 =
∑
k
∑
αβ=↑,↓
[(ξ(k) − µ)δαβ + γ(k) · σ˜αβ ]a†kαakβ (8)
where a†kα (akα) creates (annihilates) an electronic state |kα〉, α, β =↑, ↓ are pseudo-spin indices, the sum over k is
restricted to the first Brillouin zone, and µ is the chemical potential. The second term in Eq. (8) is the antisymmetric
spin-orbit (ASOC) coupling. The main role of the ASOC is fix the direction of the single-particle spin at each k so
that the spin is no longer able to rotate freely. It does this by lifting the pseudo-spin degeneracy at each k point,
leaving only a degeneracy between states related by time-reversal (that is, between a state at momentum k and its time
reversed partner at momentum −k). In particular, the resultant quasi-particle energies become ξ±(k) = ξ(k)±|γ(k)|.
The basis in which the single-particle Hamiltonian takes this diagonal form is often called the helicity basis.
The detailed form of γ(k) depends upon the space group of the crystal and the particular pseudo-spin representation
for the single-particle states. In many cases the pseudo-spin representation has the same rotation properties as usual
spin 1/2 operators. This implies that for states near the Γ point, k = (0, 0, 0), the following symmetry condition can
be imposed (note that this is not true in general)
γ(k) = R˜gγ(R
−1
g k) (9)
where, for proper rotations, R˜g = Rg and Rg is the 3× 3 rotation matrix corresponding to the point group operation
g, and for improper rotations (for which the determinant of Rg is −1) R˜g = −Rg. In most previous discussions of
non-centrosymmetric superconductors, Eq. 9 has been used to find the structure of γ(k) for different point group
symmetries near the Γ point in the Brillouin zone (specifically through an expansion in powers of ki). However, there
exist pseudo-spin representations for which 9 does not hold. Here, in Table II, we list the symmetry allowed form
for all non-centrosymmetric point groups and for all possible pseudo-spin representations. Table II was found using
the spinor representations of the double groups listed in Ref. 230 and the labelling of the representations is taken
from there. To aid in understanding the representation labels, we have provided the basis function for the state | ↑〉,
the state | ↓〉 is found by applying time-reversal symmetry. The listed basis functions for these representations are
expressed in terms of the usual |j,m > angular momentum basis functions (with total angular momentum j and
with Jz|j,m >= m~|j,m >). In some cases, the relevant representation is expressed as a direct sum, for example
for the point group C2 we have Γ3 ⊕ Γ4. This is a consequence of two different (or two of the same) point group
representations that become degenerate due to time reversal symmetry. If time-reversal symmetry is not present,
then the representations in the direct sum would not be degenerate. Also, as mentioned above, the use of σi specifies
that this operator transforms as the usual spin 1/2 Pauli matrix operator under rotations and the σ˜i specifies that
this is not the case. Finally, we did not include any 4-dimensional spinor representations for the groups T , Td, O.
The theory in these cases is more involved and is treated in Ref. 195 in the context of half-Heulser superconductors.
While the form for the ASOC is useful for understanding the physics near the Γ point, in many cases the ASOC is
required throughout the first Brillouin zone. This can be found by imposing
γ(k) =
∑
n,m,l
an,m,l sin[k · (na1 +ma2 + la3)] (10)
where ai are the primitive translation vectors of the lattice. This expansion ensures that γ(k) = γ(k+Gi) where Gi
is a reciprocal lattice vector.
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Point Group Representation | ↑〉 γ(k) · ~˜σ
C1 Γ2 |1/2, 1/2〉
∑
i,j=x,y,z
ai,jkiσj
C2 Γ3 ⊕ Γ4 |1/2, 1/2〉 αzzkzσz + αxxkxσx + αyykyσy + αxykxσy + αyxkyσx
Cs Γ3 ⊕ Γ4 |1/2, 1/2〉 αxzkxσz + αyzkyσz + αzxkzσx + αzykzσy
D2 Γ5 |1/2, 1/2〉 αxxkxσx + αyykySy + αzzkzσz
C2v Γ5 |1/2, 1/2〉 αxykxσy + αyxkyσx + α3kxkykzσz
C4 Γ5 ⊕ Γ6 |1/2, 1/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + αzzkzσz
Γ7 ⊕ Γ8 |3/2, 3/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + αzzkzσz
S4 Γ5 ⊕ Γ6 |1/2, 1/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + β1kz(k2x − k2y)σz + β2kzkxkyσz
Γ7 ⊕ Γ8 |3/2, 3/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + β1kz(k2x − k2y)σz + β2kzkxkyσz
D4 Γ6 |1/2, 1/2〉 αxx(kxσx + kyσy) + αzzkzσz
Γ7 (x
2 − y2)|1/2, 1/2〉 αxx(kxσx + kyσy) + αzzkzσz
C4v Γ6 |1/2, 1/2〉 αxy(kxσy − kyσx) + βkzkxky(k2x − k2y)σz
Γ7 (x
2 − y2)|1/2, 1/2〉 αxy(kxσy − kyσx) + βkzkxky(k2x − k2y)σz
D2d Γ6 |1/2, 1/2〉 αxx(kxσx − kyσy) + βkz(k2x − k2y)σz
Γ7 (x
2 − y2)|1/2, 1/2〉 αxx(kxσx − kyσy) + βkz(k2x − k2y)σz
C3 Γ4 ⊕ Γ5 |1/2, 1/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + αzzkzσz
Γ6 ⊕ Γ6 |3/2, 3/2〉 αxkzσ˜x + αykzσ˜y + αzzkzσz
D3 Γ4 |1/2, 1/2〉 αxx(kxσx + kyσy) + αzzkzσz
Γ5 ⊕ Γ6 |3/2, 3/2〉 − i|3/2,−3/2〉 αxkzσ˜x + αykzσ˜y + αzzkzσz
C3v Γ4 |1/2, 1/2〉 αxy(kxσy − kxσy) + βky(3k2x − k2y)σz
Γ5 ⊕ Γ6 |3/2, 3/2〉 − i|3/2,−3/2〉 βxky(3k2x − k2y)σ˜x + βyky(3k2x − k2y)σ˜y + βzky(3k2x − k2y)σz
C6 Γ7 ⊕ Γ8 |1/2, 1/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + αzzkzσz
Γ9 ⊕ Γ10 |5/2, 5/2〉 αxx(kxσx + kyσy) + αxy(kxσy − kyσx) + αzzkzσz
Γ11 ⊕ Γ12 |3/2, 3/2〉 β1ky(3k2x − k2y)σ˜x + β2kx(3k2y − k2x)σ˜x + β3ky(3k2x − k2y)σ˜y
+β4kx(3k
2
y − k2x)σ˜y + αzzkzσz
C3h Γ7 ⊕ Γ8 |1/2, 1/2〉 β1kz[(k2x − k2y)σx + 2kxkyσy ] + β2kz[−2kxkyσx + (k2x − k2y)σy]
+β3kx(3k
2
y − k2x)σz + β4ky(3k2x − k2y)σz
Γ9 ⊕ Γ10 |5/2, 5/2〉 β1kz[(k2x − k2y)σx + 2kxkyσy ] + β2kz[−2kxkyσx + (k2x − k2y)σy]
+β3kx(3k
2
y − k2x)σz + β4ky(3k2x − k2y)σz
Γ11 ⊕ Γ12 |3/2, 3/2〉 αxkzσ˜x + αykzσ˜y + β1kx(3k2y − k2x)σz + β2ky(3k2x − k2y)σz
D6 Γ7 |1/2, 1/2〉 αxx(kxσx + kyσy) + αzzkzσz
Γ8 y(y
2 − 3x2)|1/2, 1/2〉 αxx(kxσx + kyσy) + αzzkzσz
Γ9 |3/2, 3/2〉 β1kx(k2x − 3k2y)σ˜x + β2ky(k2y − 3k2x)σ˜y + αzzkzσz
C6v Γ7 |1/2, 1/2〉 αxy(σxky − σykx) + βkz(3k5xky − 10k3xk3y + 3kxk5y)σz
Γ8 x(x
2 − 3y2)|1/2, 1/2〉 αxy(σxky − σykx) + βkz(3k5xky − 10k3xk3y + 3kxk5y)σz
Γ9 |3/2, 3/2〉 β1ky(k2y − 3k2x)σ˜x + β2kx(k2x − 3k2y)σ˜y + β3kz(3k5xky − 10k3xk3y + 3kxk5y)σz
D3h Γ7 |1/2, 1/2〉 β1kz[(k2x − k2y)σx − 2kxkyσy ] + β2kx(k2x − 3k2y)σz
Γ8 zx(x
2 − 3y2)|1/2, 1/2〉 β1kz[(k2x − k2y)σx − 2kxkyσy ] + β2kx(k2x − 3k2y)σz
Γ9 |3/2, 3/2〉 αkzσ˜x + β1kz(3k5xky − 10k3xk3y + 3kxk5y)σ˜y + β2kx(k2x − 3k2y)σz
T Γ5 |1/2, 1/2〉 αxx(kxσx + kyσy + kzσz)
O Γ6 |1/2, 1/2〉 αxx(kxσx + kyσy + kzσz)
Γ7 xyz|1/2, 1/2〉 αxx(kxσx + kyσy + kzσz)
Td Γ6 |1/2, 1/2〉 β[kx(k2y − k2z)σx + ky(k2z − k2x)σy + kz(k2x − k2y)σz]
Γ7 f(x)|1/2, 1/2〉 β[kx(k2y − k2z)σx + ky(k2z − k2x)σy + kz(k2x − k2y)σz]
TABLE II. Form of ASOC for all non-centrosymmetric point groups expanded for k near the Γ point. The labels for the spinor
representations are those used in Ref. 230 (as explained in more detail in the text, the direct sum of representations refers
to two point group representations that become degenerate under time-reversal symmetry). The basis function | ↑〉 for these
representations are given in the column with this name, the corresponding | ↓〉 is found by applying time-reversal symmetry.
The form of the spin-orbit coupling is given in the column labelled γ(k) · ~˜σ, the notation σi refers to pseudo-spin operators that
share the same transformation properties as the usual spin 1/2 Pauli matrices and σ˜i denote pseudo-spin operators for which
this is not the case. Some detailed notes on constructing this table: for the group D2d, we took the two-fold rotation element
about x (usually denoted C2x) as a rotation element; for the group C3v, we took the mirror reflection with normal to the yˆ
axis (usually denoted σy and not to be confused with the Pauli matrices discussed elsewhere) as an element; for the group D3h,
the mirror reflection with normal to the xˆ axis (usually denoted σx and not to be confused with the Pauli matrices discussed
elsewhere) as an element; and f(x) = [(y2 − z2)x4 + (z2 − x2)y4 + (x2 − y2)z4].
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As a specific example, consider the space group P6m2 with point groupD3h in two-dimensions. This applies to single
layer NbSe2, which is superconducting
207 and to MoS2 which is superconducting under electric field
208. Both these
materials have been discussed earlier in this article. This group can be visualized as the direct product of the point
group and the translation group spanned by the two translation vectors a1 = a(1/2,−
√
3/2, 0), a2 = a(1/2,
√
3/2, 0).
Explicitly, we will consider pseudo-spin 1/2 bands, which near the Γ point correspond to either the Γ7 or the Γ8
representations of D3h. Consequently, we treat σ˜i = σi as the usual Pauli matrices (complete with the usual rotation
properties). For our choice of basis functions, the point group D3h is generated by the elements σh (mirror plane
reflection with normal zˆ), C3 (a three-fold rotation about the z-axis), and C2y (a two-fold rotation about the y axis).
For this point group σz and {σx, σy} belong to different representations, so we consider them separately. Let us
consider γ(k) = γz zˆ. Then under the point group generators: C2y σz → −σz, σh σz → −σz , and C3 σz → σz .
To construct γ(k), we also need the action of the point group elements on the vector na1 + ma2, which can be
characterized by the action on (n,m). Under σh (n,m) → (n,m), under C3 (n,m) → (−m,n −m) and under C2y
(n,m) → (−m,−n). Consequently, writing γ(k) = ∑n,m az,n,m sin[k · (na1 +ma2)], yields the symmetry relations
az,n,m = az,n,m (from σh), az,n,m = az,−m,n−m (from C3) and az,n,m = −az,−m,−n (from C2y). Starting from nearest
neighbors, that is assuming az,1,0 6= 0, yields az,1,0 = az,0,1 = −az,1,1 or
γ1(k) = zˆ
(
sin[k · a1] + sin[k · a2]− sin[k · (a1 + a2)]
)
(11)
where ki is in units 2π/a. Near the Γ point Eq. 11 becomes proportional to zˆkx(3k
2
y − k2x). Note how kx and ky
are switched with respect to Table II. This is a consequence of the choice C2y as an element of D3h, while Table
II has used C2x as the corresponding element (this was done intentionally to highlight that care must be taken in
defining the relative orientation of the rotation axes and the translation vectors). Near the K point, Eq. 11 becomes
a constant (a constant is allowed because the K point is not invariant under parity symmetry). As discussed eariler,
in the NbSe2 and MoS2 literature, this term has been labeled an Ising spin-orbit coupling
207,208. Note that Eq. 11
also applies to the recently discovered quasi-1D material K2Cr3As3
109.
As emphasized in Refs. 231 and 232, the structure and magnitude of γ(k) at the Fermi surface can be measured
through de-Haas-van Alphen (dHvA) measurements. The primary effect follows from the fact that in the presence of
γ(k), the band energies become ξ±(k) = ξ(k) ± |γ(k)|. This leads to a difference in the area of the extremal orbits
for the two bands, leading to a difference in the dHvA frequencies. For example in LaRhSi3, the spin-orbit coupling
was measured this way to be approximately 200 K233. The interplay with a Zeeman field and the spin-orbit coupling
and the subsequent distortion of the Fermi surface can lead to additional effects in dHvA measurements, including
phase shifts in in the dHvA signal and a non-linear field dependence of the dHvA frequencies.
Finally, we note that ASOC also gives rise to a non-trivial topological Berry curvature in some cases and this plays
a role in the context of topological superconductivity discussed later232,234.
IV. ANTISYMMETRIC SPIN ORBIT COUPLING AS A PARITY SYMMETRY BREAKING FIELD ON
SUPERCONDUCTIVITY
In the presence of the ASOC, which splits the spin-degeneracy at each momentum k, it follows that the correct
description of the superconducting state is a two-band theory (this theory is described in Section V). However, many
consequences of broken parity symmetry, most importantly with respect to the role of magnetic fields, can readily
be seen by treating the ASOC as a symmetry breaking field to the superconducting state3. This is similar in spirit
to the treatment of a Zeeman field in the theory of superconductivity. This treatment reveals a few key results that
apply in the large ASOC limit. The first of which is presented in this subsection. In particular, it is found that only
a single spin-triplet state survives in the limit of strong ASOC (where strong here means relative to the pairing gap).
Prior to presenting the formal results, a qualitative explanation is given.
Within the pseudospin basis discussed in the previous section, the gap function can be written as5
∆ = iσ˜y[ψ(k) + d(k) · σ˜] =
( −dx(k) + idy(k) ψ(k) + dz(k)
−ψ(k) + dz(k) dx(k) + idy(k)
)
. (12)
While the pseudo-spin singlet gap function ψ(k) has often been discussed, the spin-triplet gap function d(k) is not
as familiar. Under a pseudospin rotation, the d(k) rotates as a vector. Eq. 12 is useful in understanding which
spin-triplet state is stable in the presence of the ASOC. In particular, if the pseudospin quantization axis is chosen
to be along the d-vector (so d = dz zˆ), then Eq. 12 shows there is only pairing between opposite spins. When
inversion symmetry is removed, the ASOC chooses the particular spin quantization axis γˆ. With this quantization
axis, time-reversal symmetry ensures that the up state at k is degenerate with the down state at −k. However, the
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up state at k is not degenerate with the up state at −k (an example of this is shown in Fig. 1). This implies that
once the ASOC is sufficiently large, the only degenerate states available to create Cooper pairs must have opposite
spin. Eq. 12 then implies that only the component of d(k) that is parallel to γˆ = γ(k)/|γ(k)| is non-zero (note that
this argument ignores the small regions in momentum space where γ(k) = 0). Hence d(k) is parallel to γˆ when the
ASOC is sufficiently strong. In the following, we develop this result more formally.
The approach used in this section is to consider a parity invariant superconductor and to break parity symmetry
solely through the ASOC. For convenience we work in the weak-coupling limit. When parity (and time-reversal)
symmetries are present, superconductivity can be included through the following pairing interaction (in this section
we examine only spatially homogeneous superconducting states):
Hpair = 1
2
∑
k,k′,si
Vs1s2,s′2s′1(k,k
′)c†
k,s1
c†
−k,s2
c
−k′,s′
2
ck′,s′
1
. (13)
Symmetry dictates that5 the pairing interaction can be broken up into separate pseudo-spin singlet and pseudo-spin
triplet parts and that these parts can be characterized by interactions that quantify the Tc for different irreducible
representations of the point group of the crystal.
In particular,
Vs1s2,s′2s′1(k,k
′) =
∑
Γ,i
{
vs,ΓψΓ,i(k)ψ
∗
Γ,i(k
′)(iσ˜y)s1,s2(iσ˜y)
†
s′
2
,s′
1
+ vt,Γ[dΓ,i(k) · (i~˜σ)s1,s2 ][d∗Γ,i(k′) · (i~˜σ)†s′
2
,s′
1
]
}
(14)
where Γ, i describes the particular irreducible representation Γ and i the basis of that representation, vs,Γ represents
singlet pairing with gap function basis functions ψΓ,i(k), vt,Γ represents triplet pairing with gap basis functions dΓ,i(k).
Of importance to note is that the Pauli matrices σ˜ that appear in the interaction are the same as those that appeared
in Eq. 7 in the context of the ASOC. This follows by noting that Cooper pairs are constructed by pairing single
electron states with momenta k and the time-reversed momenta −k and that T |k, α > has the same transformation
properties under symmetry operations as < k, α|.
To determine the role of the ASOC, we begin with a calculation of Tc for the singlet and triplet states. A usual
BCS weak coupling approach yields the following linearized gap equation (this approach is nicely presented in Ref. 5)
∆ss′(k) = −kBT
∑
n,k′
∑
s1,s2
Vk,k′G
0
ss1(k
′, iωn)∆s1,s2(k
′)G0s′s2(−k′,−iωn) (15)
where G0(k, iωn) is the normal state Greens function and is given by
G0(k, iωn) = G+(k, iωn)σ0 + γˆ(k) · σG−(k, iωn) (16)
where σ0 is the unit matrix and
G±(k, iωn) =
1
2
[
(iωn − ǫk,+)−1 ± (iωn − ǫk,−)−1
]
, (17)
ǫk,± = ξk ± |γ(k)| and γˆ(k) = γ(k)/|γ(k)| (|γ| =
√
γ2)23,235.
The gap function is expressed as ∆(k) = {ψ(k)σ0 + d(k) · σ˜}iσ˜y and we assume in this Section that the gap
magnitudes are the same on both the spin-split Fermi surfaces (which is consistent with the assumption that the
ASOC is much smaller than the chemical potential). The linearized gap equations become
ψ(k) = −kBT
∑
n,k′
Vk,k′
{
[G+G+ +G−G−]ψ(k
′) + [G+G− +G−G+]γˆ(k
′) · d(k′)
}
(18)
and
d(k) = −kBT
∑
n,k′
Vk,k′
{
[G+G++G−G−]d(k
′)+2G−G−[γˆ(k
′)(γˆ(k′) ·d(k′))−d(k′)]+[G+G−+G−G+]γˆ(k′)ψ(k′)
}
(19)
where GaGb = Ga(k, iωn)Gb(−k,−iωn) with a, b = ±. In general, since γ(k) 6= 0, the spin-singlet and triplet channels
are coupled2. This coupling vanishes when there is particle-hole asymmetry and when the density of states on the
two spin-split Fermi surface sheets are equal. In particular, the singlet-triplet coupling is of the order α/ǫF ≪ 1
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where we have set α as the typical energy scale of the ASOC, that is α =
√
〈γ(k)2〉k, the magnitude of the ASOC
averaged over the Fermi surface. In this Section we ignore this coupling and consider the singlet and triplet pairing
channels separately. This precludes the mixing of spin-singlet and spin-triplet superconductivity and this possibility
is discussed in more detail later in this article. By expanding the interaction, ψ(k), and d(k) in a basis of irreducible
representations and using the orthogonality of different irreducible representations, the equation for the transition
temperature can be found5. In the following expressions for Tc, we drop the label specifying which irreducible
representation Tc and the gap functions belong to.
For spin-singlet pairing the transition temperature (Tc) is given by
ln
(
Tc
Tcs
)
= O
(
α2
ǫ2F
)
. (20)
The main conclusion is that Tc is essentially from Tcs, which is the transition temperature when γ = α = 0. For
triplet pairing Tc is given by
ln
(
Tc
Tct
)
= 2〈{|d(k)|2 − |γˆ(k) · d(k)|2}f(ρk)〉k +O
(
α2
ǫ2F
)
(21)
where Tct is the transition temperature when γ = α = 0, ρk = |γ(k)|/(πkBTc), and the function f(ρ) is defined as
f(ρ) = Re
∞∑
n=1
(
1
2n− 1 + iρ −
1
2n− 1
)
. (22)
In contrast to the spin-singlet case, Tc for spin-triplet pairing is generally strongly suppressed once α ' kBTc. However,
there remains a single spin-triplet pairing channel for which Tc is not suppressed, that is when d(k) ‖ γˆ(k), such
a pairing channel is often called the protected spin-triplet pairing state. Remarkably, as will be made clear in the
following, many of the magnetic properties of this spin-triplet pairing state are adopted by the spin-singlet state, even
when no spin-triplet order co-exists with the spin-singlet order. We note that d(k) ‖ γˆ(k) applies not just for the
isotropic pairing channel, but also to pairing in other symmetry channels. In the latter case, d(k) = f(k)γˆ(k) where
f(k) can have nodes that are dictated by the pairing symmetry (and are unrelated to the form of γ(k)).
A. Role of Zeeman field
It is useful to consider the usual spin-singlet case in which the Zeeman field separates the energies of the up and
down spins and hence pairing (with zero momentum Cooper pairs) is no longer between degenerate states. This
implies that the formation of Cooper pairs, while still gaining potential energy, now also have an energy cost. Once
this energy cost becomes greater than the gap, superconductivity is unstable, leading to paramagnetic pair breaking.
When inversion symmetry is broken, the single particle spins are no longer free to rotate but are pinned by the ASOC,
with spins oriented along ±γˆ(k). If this pinning energy is much larger than the Zeeman energy, then when the applied
field is perpendicular to this spin, there will be no energy cost in forming Cooper pairs. In this case, we expect that
superconductivity will be more stable than when inversion symmetry is present. This is indeed what the detailed
calculations below reveal in the strong ASOC limit.
Before proceeding, it is worthwhile pointing out that if σ˜i does not belong to the same representation as σi (this
is discussed in detail in Section III), then the usual Zeeman coupling will not exist. For example, consider the point
group D3h. The coupling to the Zeeman field is different for the different spinor representations at the Γ point. For
Γ7 and Γ8 this coupling is the usual (we have ignored for simplicity the possibility of anisotropy between in-plane and
c-axis fields)
HZeeman = µB
∑
k
H · ~σ(k) (23)
while for the Γ9 representation it is
HΓ9Zeeman = µB
∑
k
Hzσ˜z(k). (24)
Consequently, for the Γ9 representation, we do not expect an in-plane Zeeman field to play a role. This may play a role
in understanding the upper critical field behavior observed in A2Cr3As3 superconductors discussed in Section II B 3.
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In the following we assume that the coupling to the Zeeman field is the usual coupling given by Eq. 23, the
results for when this is not the case can be found by setting the corresponding components of the magnetic field
to zero (for example in the case of the Γ9 representation, Hx = Hy = 0). Typically, a Zeeman field suppresses
spin-singlet superconductivity, but does not necessarily suppress spin-triplet superconductivity. The following shows
that breaking parity symmetry qualitatively changes this picture. In particular, spin-singlet superconductivity can
be robust against Zeeman fields, depending on the field orientation. Here we do not consider the orbital effect of the
field, which generically suppresses superconductivity. We also do not consider any finite momentum pairing states,
these are discussed later in Section VI.
We replace γ(k) → γ˜(k) = γ(k) − h with h = µBH (note: γ˜(−k) 6= −γ˜(k)). For spin-singlet pairing, ψ(k),
(ignoring any induced spin-triplet pairing) Tc becomes
3
ln
(
Tc
Tcs
)
=
〈
|ψ(k)|2
{[
f(ρ−
k
) + f(ρ+
k
)
]
+
γ(k)2 − h2
[(γ(k) + h)2(γ(k)− h)2]1/2
[
f(ρ−
k
)− f(ρ+
k
)
]}〉
k
(25)
with ρ±
k
= |γ(k)+h|/2πkBTc±|γ(k)−h|/2πkBTc. In the limit that γ(k) = 0, Eq. 25 describes the usual paramagnetic
pair breaking. However, this changes dramatically when γ(k) 6= 0. For example, if it is possible to choose h ⊥ γ(k) for
all k then in the limit Tc(h)/Tcs << 1, the critical field obeys h
′2 lnh′ = −〈γ(k)2〉k ln(Tc/Tcs); with h′ = |h|/πkBTcs.
This implies that the critical field diverges as T → 0. In general, this divergence is suppressed by impurity scattering.
For spin-triplet pairing3
ln
(
Tc
Tct
)
=
〈
|d(k)|2
{[
f(ρ+
k
) + f(ρ−
k
)
]
+
γ(k)2 − h2
[(γ(k) + h)2(γ(k)− h)2]1/2
[
f(ρ+
k
)− f(ρ−
k
)
]}〉
k
+2
〈[
f(ρ+
k
)− f(ρ−
k
)
] |h · d(k)|2 − |γ(k) · d(k)|2
[(γ(k) + h)2(γ(k)− h)2]1/2
〉
k
(26)
When γ(k) = 0, then Eq. 26 reproduced the known results for superconductors with parity symmetry. That is there
is no suppression of superconductivity, provided d(k) · h = 0 can be found for all k. When γ(k) 6= 0, then according
to Eq.(26) there is no suppression of Tc, if for all k h ⊥ d(k) and d(k) ‖ γ(k).
It is instructive to compare the singlet and triplet cases in the large spin-orbit limit α =
√
〈γ(k)2〉k >> µBH (where
we ignore the small regions in momentum space for which the ASOC vanishes), for spin-singlet superconductivity
ln
Tc
T 0c
= 2〈|ψ(k)|2f( γˆ(k) · h
πTc
〉k (27)
For the spin-triplet case, if d and γ are parallel, and the ASOC is much larger than the Zeeman field, then the
paramagnetic limiting field is given by
ln
Tc
T 0c
= 2〈|d(k)|2f( γˆ(k) · h
πTc
〉k (28)
where it has been assumed that 〈|ψ(k)|2〉k = 〈|d(k)|2〉k = 1. The key point is that the equation for both the singlet
and triplet pairing state become the same, indicating that the observation of a critical field exceeding the Pauli critical
field does not provide an indication of spin-triplet superconductivity.
Qualitatively the above predictions are in agreement with experimental results on MoS2
208, NbSe2
207, and
CeRhSi3
67. We also note that the predicted critical field behavior also applies to materials that are locally non-
centrosymmetric . Locally non-centrosymmetric refers to structures that have subunits that do not have inversion
symmetry, and these subunits are related by inversion symmetry. An example is a bi-layer material where each
individual layer does not contain inversion symmetry, but the bi-layer as a whole has an inversion center between the
two layers. If the ASOC of the individual subunit is much stronger than the coupling between these subunits, the
behavior predicted in this Section will apply. A recent short review of such materials is given in236.
B. Spin susceptibility
Spin susceptibility is a popular probe to identify spin-singlet or spin-triplet pairing. However, as this Section shows,
when strong ASOC is present, this identification can no longer be made. Indeed, as discussed in the last section of this
review, the most reliable means of identifying whether a superconductor is predominantly spin-singlet or spin-triplet
is through the observation of topological edge states. The main conclusion drawn here is that in the large ASOC
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limit and even when pairing is pure spin-singlet, the spin susceptibility resembles that expected for the protected
spin-triplet pairing state found above (with d(k) parallel to γˆ(k)). Below, a qualitative understanding of this result
is given followed by a more detailed formal analysis.
To gain an understanding of the spin susceptibility, it is useful to contrast the normal state susceptibility with
and without the ASOC237. In particular, when a Zeeman field is applied to a centrosymmetric material, the usual
argument finds the magnetic moment resulting from the change in the population of n↑ and n↓ due to the energy
difference between these two states. This gives the usual Pauli susceptibility. However, when the ASOC is present,
the usual argument cannot be readily applied. In particular, the ASOC locks the spin along the γˆ direction, so the
spin is not free to rotate to be entirely aligned with the field. In the limit that the Zeeman energy is much smaller
than the ASOC, it is useful to considerH = H‖γˆ+H⊥ with H‖ = H · γˆ. The contribution of H‖γˆ to the susceptibility
is similar to that in the usual case. However, the contribution from H⊥ is not. Specifically, the energies of the up,
|γˆ,+〉 and down, |γˆ,−〉, spins are not changed by H⊥. However, just as there is a matrix element for the σx operator
between the different eigenstates of σz, H⊥ yields a non-zero matrix element between |γˆ,+〉 and |γˆ,−〉. Consequently,
while there is no first order energy shift from H⊥, there is a first order shift in the wavefunctions |γˆ,±〉, this leads
to a Van Vleck (or interband) contribution to the susceptibility. The key physical point that matters here is that, in
a spin-singlet superconducting state, the Pauli susceptibility is strongly affected by the pairing due to the formation
of the gap since a spin-singlet Cooper pair carries no spin. However, if the ASOC is much larger than the gap, the
Van Vleck contribution is not affected by the gap, since it stems from an interband process. Consequently, the zero
temperature susceptibility for a spin-singlet superconductor will be strongly dependent on the relative orientation
of γˆ and H. Indeed, if these two vectors are orthogonal, then we expect no change in the spin susceptibility for
a spin-singlet superconductor. Note that this is what would be expected for a spin-triplet superconductor with a
d(k) vector perpendicular to the applied field when parity symmetry is present. This justifies the statement that in
the large ASOC limit, the response of a spin-singlet superconductor and the protected spin-triplet superconductor
will exhibit the same spin susceptibility. These qualitative considerations are born out by the more formal approach
adopted below.
Here we follow 6, which generalizes earlier related work found in2,237,238. We note that our results apply when the
ASOC is much smaller than the Fermi energy. If the ASOC becomes comparable to the chemical potential, then it
is not possible to separate the spin and orbital contributions and it becomes reasonable to ask about the physical
meaning of the spin susceptibility.
As shown in Ref239, the expression for the spin susceptibility is
χsij = −µ2BkBT
∑
k
∑
ωn
tr
{
σˆiGˆ(k, ωn)σˆjGˆ(k, ωn)− σˆiFˆ (k, ωn)σˆjT Fˆ †(k, ωn)
}
(29)
where Gˆ and Fˆ are the normal and anomalous Greens functions. For a spin-singlet gap function ∆ˆ(k) = iψ(k)σˆy or
a spin-triplet superconductor with ∆ˆ(k) = id(k) · σσˆy with d(k) constrained to be parallel to γ(k), Gˆ and Fˆ have
the same form6:
Gˆ(k, iωn) = G+(k, iωn)σ0 + γˆ(k) · σG−(k, iωn) (30)
where σ0 is the unit matrix,
G±(k, iωn) = −1
2
[
iωn + ǫk,+
ω2n + |∆(k)|2 + ǫ2k,+
±
iωn + ǫk,−
ω2n + |∆(k)|2 + ǫ2k,−
]
, (31)
Fˆ (k, iωn) = [F+(k, iωn)σ0 + γˆ(k) · σF−(k, iωn)]∆ˆ(k), (32)
F±(k, iωn) =
1
2
[
1
ω2n + |∆(k)|2 + ǫ2k,+
± 1
ω2n + |∆(k)|2 + ǫ2k,−
]
, (33)
and |∆(k)|2 = |ψ(k)|2 for the spin-singlet case and |∆(k)|2 = |d(k)|2 for the spin-triplet case.
In the normal state, this expression yields the usual normal state spin susceptibility χn = 2µB2N(0) when electron-
hole asymmetry is ignored. In the superconducting state, for a spin-singlet superconductor, this expression yields
χsii = χn
{
1− kBTπ
∑
ωn
〈
1− γˆ2i (k)
ω2n + |ψ(k)|2 + |γ(k)|2
|ψ(k)|2√
ω2n + |ψ(k)|2
+
γˆ
2
i (k)|ψ(k)|2√
ω2n + |ψ(k)|2
〉
k
}
(34)
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while for the spin-triplet case, this yields
χsii = χn
{
1− kBTπ
∑
ωn
〈
γˆ
2
i (k)|d(k)|2√
ω2n + |d(k)|2
〉
k
}
(35)
in these expressions γˆi(k) = γˆ(k) · xˆi where xˆi is a Cartesian normal vector with direction specified by the index i in
χsii. The role of the Van-Vleck term is apparent in the singlet case, here it is the term multiplied by 1− γˆ2i (k), once
|ψ(k)|2 << γ2(k), this term drops out and the expressions for the spin-singlet and spin-triplet superconducting states
become the same as qualitatively discussed in the opening paragraph. The factor 1 − γˆ2i (k) in the spin-singlet case
projects out the component of H that is perpendicular γˆ. Note, as was the case when the critical field was calculated
in Section IVA, these results are also relevant for locally non-centrosymmetric superconductors236.
The results presented here apply in the clean limit when correlations are not included and there is some qualitative
agreement with measurements on CeIrSi3 (see Fig. 5c)
73 if the ASOC is assumed to be a Rashba spin-orbit interaction.
However, the measured spin-susceptibility is more isotropic than that calculated above. In Ref. 240, the role of
disorder has been considered, and it was shown that this tends to increase the residual value of the spin susceptibility
in the limit T = 0. In Ref. 241, the role of correlations in the context of heavy fermion superconductivity have
been considered. Here it was found that the Van Vleck contribution to the spin-susceptibility can develop a strong
temperature dependence due to the strong energy dependence of the density of states (in the calculation presented
above, there is no such energy dependence). This may account for the difference between the theory presented above
and the measured results in CeIrSi3.
V. GENERAL ASPECTS OF BROKEN PARITY SUPERCONDUCTIVITY
While treating broken parity symmetry as a symmetry breaking field provides useful insight and also leads to good
qualitative agreement with experiment, there are situations when a more general analysis is needed, for example when
considering the mixing of spin-singlet and spin-triplet superconductivity. This Section provides the basis of this more
general analysis and follows Ref. 4. To be explicit, we consider the typical situation in which at a particular k point
in the BZ, no degeneracies exist (this applies at all k for which γ is not zero). In addition, we consider the realistic
situation that the band splitting is sufficiently large so that only intra-band pairing can occur. We consider a basis
in which the single-particle Hamiltonian is diagonal and the eigenstates are labelled by |k, n〉. Since time-reversal
symmetry exists, the state |k, n〉 is degenerate with its time-reversal partner T |k, n〉. Time reversal takes k to −k
and since we assume there are no degeneracies at momentum k, this implies
T |k, n〉 >= tn(k)| − k, n〉, (36)
where tn(k) is a phase factor. Since these states are fermions T 2|k, n〉 = −|k, n〉, leading to
tn(k) = −tn(−k). (37)
In general the phase factors tn(k) are not related for different bands. However, using the pseudospin description given
in the first section, and ignoring any other possible bands, the following relationship can be found
t±(k) = ∓ γx(k)− iγy(k)√
γ2x(k) + γ
2
y(k)
(38)
In the context of superconductivity, the phase factors tn(k) play a fundamental role, since pairing occurs between
a state and its time-reversed partner. In particular, the pairing Hamiltonian can be written as
H∆ =
1
2
∑
n,k
[∆n(k)c
†
k
c†
−k
+∆∗n(k)c−kck]. (39)
Anticommutation of the fermions implies ∆n(k) = −∆n(−k). In addition, using the transformation properties of the
single particle states under a point group operation reveals that the function ∆n(k) does not transform simply under
such a rotation4. However, if a new function ∆n(k) = tn(k)∆˜n(k) is defined, then under a point group operation g,
∆˜n(k) becomes ∆˜n(g
−1k), which can be used to classify ∆˜n(k) basis functions according to irreducible representations
of the point group. One simplifying feature of this analysis is that ∆˜n(k) = ∆˜n(−k), so that only even functions of
k need to be considered. A list of these functions can be found in Table III and Table IV. The reason that the usual
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group theoretical analysis works for ∆˜(k) is that physically, this is the gap that results from pairing time-reversed
partners, that is
H∆ =
1
2
∑
n,k
[∆˜n(k)c
†
k
c˜†
k
+ ∆˜∗n(k)c˜kck]. (40)
where c˜†
k
is the raising operator for the time-reversed partner of |k, n〉.
It is informative to relate the above description in terms of eigenstates of the single-particle Hamiltonian to the
description in the original spin basis. In particular, simplifying to the pseudospin basis that gives rise to the two-band
helicity basis (that is ignoring other bands, so that the phase factors are given by Eq. 38), the resulting singlet and
triplet gap functions become
ψ(k) =
∆˜+(k) + ∆˜−(k)
2
d(k) =γˆ(k)
∆˜+(k)− ∆˜−(k)
2
. (41)
This reveals the result found above that the d(k) vector describing spin-triplet pairing is parallel to γ, which describes
the single particle spin-orbit coupling. It further reveals how spin-singlet and spin-triplet mixing occur in the helicity
basis, if the two gaps are unequal, then there is singlet-triplet mixing. Note that this relationship can be reversed to
yield
∆˜± = ψ(k) ± γˆ(k) · d(k). (42)
This relationship has often been used to show how singlet-triplet mixing can lead to line nodes (which are topologically
protected). One illustrative example that has been applied to CePt3Si
47 is a Rashba spin orbit coupling γ(k) =
xˆky − yˆkx with a spherical Fermi surface with radius kF . In this case, for pairing in the same symmetry channel
as isotropic s-wave (ψ(k) = ∆s), the protected spin-triplet state is d(k) = ∆t(xˆky − yˆkx)/(
√
2kF ). Eq. 42 gives
∆˜±(θ, φ) = ∆s ± ∆t| sin θ|, where θ and φ are the spherical angles that specify the position on the Fermi surface.
Taking ∆s and ∆t to be positive, we see that ∆+ is nodeless while ∆− can have nodes for θ = θn with | sin θn| = ∆s/∆t.
This is only possible if ∆s/∆t < 1, meaning that the spin-triplet component dominates. When this occurs, there are
two circular line nodes on the spherical Fermi surface given by θ = θn and θ = π − θn. As discussed in Section VII,
these nodes lead to interesting topological edge states. Singlet-triplet mixing has also been argued to give rise to
topological line nodes in Li2Pt3B
81.
It was discussed in previous sections that when there is no spin-triplet superconductivity, that is d(k) = 0 in Eq. 41,
the superconductor exhibits properties of a spin-triplet superconductor (for example a similar spin susceptibility and
enhanced Pauli critical fields). Another perspective on why this occurs follows from the pairing Hamiltonian in
Eq. 40. In particular, in the response functions that determine the magnetic field response, the anomalous averages
〈c†
k
c˜†
k
〉 = ∆n/En enter. For the response to resemble a spin-singlet superconductor, it is required that when these are
re-expressed in the spin basis, only the spin-singlet 〈c†
k,↑
c˜†
k,↓
− c†
k,↓
c˜†
k,↑
〉 contribution is non-zero. In the pseudospin
basis this implies ∆˜−/E− = ∆˜+/E+, revealing that non-spin singlet behavior arises not only from ∆˜− 6= ∆˜+, but
also from E+ 6= E−. Hence if ASOC is large, spin-triplet like behavior can occur.
There have been a few microscopic studies on the interplay between pairing interactions and the ASOC to generate
mixed spin-singlet and spin-triplet states91,242,243. More research to develop a deeper understanding of this important
issue is desirable.
VI. MAGNETOELECTRIC EFFECTS, FULDE-FERRELL-LARKIN-OVCHINNIKOV STATES, AND
HELICAL STATES
A key new feature of non-centrosymmetric superconductors appears when magnetic fields are applied. In particular,
symmetry allows new terms, Lifshitz invariants, in the Ginzburg-Landau free energy. From a symmetry point of view,
the origin of these Lifshitz invariants is similar to the origin of the well known Dzyaloshinskii-Moriya interaction in
spin systems without inversion symmetry. These Lifshitz invariants lead to a variety of novel effects, including a
new magnetization term, and a helical superconducting state in the presence of a spatially uniform magnetic field
(in which the superconducting order parameter develops a spatial variation, this state exhibits a non-trivial interplay
with Fulde-Ferrell-Larkin-Ovchinnikov244,245 states), and supercurrents induced by a Zeeman field. In the following,
we provide a detailed examination of the GL theory, which is followed by an overview of the corresponding microscopic
theory.
31
Point Group Representation Basis Functions
O Γ1 (A1) 1, k
2
x + k
2
y + k
2
z
Γ2 (A2) (k
2
x − k2y)(k2y − k2z)(k2x − k2z)
Γ3 (E) {2k2z − k2x − k2y,
√
3(k2x − k2y)}
Γ4 (F1) {kykz(k2y − k2z), kzkx(k2z − k2x), kxky(k2x − k2y)}
Γ5 (F2) {kykz, kzkx, kxky}
Td Γ1 (A1) 1, k
2
x + k
2
y + k
2
z
Γ2 (A2) (k
2
x − k2y)(k2y − k2z)(k2x − k2z)
Γ3 (E) {2k2z − k2x − k2y,
√
3(k2x − k2y)}
Γ4 (F1) {kykz(k2y − k2z), kzkx(k2z − k2x), kxky(k2x − k2y)}
Γ5 (F2) {kykz, kzkx, kxky}
T Γ1 (A1) 1, k
2
x + k
2
y + k
2
z
Γ2 (A2) 2k
2
z − k2x − k2y −
√
3(k2x − k2y)
Γ3 (B1) 2k
2
z − k2x − k2y +
√
3(k2x − k2y)
Γ4 (F1) {kykz, kzkx, kxky}
D6 Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) (k
3
x − 3kxk2y)(k3y − 3kyk2x)
Γ3 (B1) kz(k
3
x − 3kxk2y)
Γ4 (B2) kz(k
3
y − 3kyk2x)
Γ5 (E1) {kzkx, kzky}
Γ6 (E2) {k2x − k2y , 2kxky}
C6v Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) (k
3
x − 3kxk2y)(k3y − 3kyk2x)
Γ3 (B1) kz(k
3
y − 3kyk2x)
Γ4 (B2) kz(k
3
x − 3kxk2y)
Γ5 (E1) {kzkx, kzky}
Γ6 (E2) {k2x − k2y , 2kxky}
D3h Γ1 (A
′
1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A
′
2) (k
3
x − 3kxk2y)(k3y − 3kyk2x)
Γ3 (A
′′
1 ) kz(k
3
x − 3kxk2y)
Γ4 (A
′′
2 ) kz(k
3
y − 3kyk2x)
Γ5 (E
′′) {kzkx, kzky}
Γ6 (E
′) {k2x − k2y , 2kxky}
C6 Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) (kx − iky)2
Γ3 (B1) (kx + iky)
2
Γ4 (B2) kz(k
3
y − 3kyk2x), kz(k3x − 3kxk2y)
Γ5 (C1) kzkx
Γ6 (C2) kzkx
C3h Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) (kx − iky)2
Γ3 (B1) (kx + iky)
2
Γ4 (B2) kz(k
3
y − 3kyk2x), kz(k3x − 3kxk2y)
Γ5 (C1) kzkx
Γ6 (C2) kzkx
D3 Γ1 (A1) 1, k
2
x + k
2
y, k
2
z
Γ2 (A2) (k
3
x − 3kxk2y)(k3y − 3kyk2x)
Γ3 (E) {k2x − k2y , 2kxky},{kzkx, kzky}
C3v Γ1 (A1) 1, k
2
x + k
2
y, k
2
z
Γ2 (A2) (k
3
x − 3kxk2y)(k3y − 3kyk2x)
Γ3 (E) {k2x − k2y , 2kxky},{kzkx, kzky}
C3 Γ1 (A1) 1, k
2
x + k
2
y, k
2
z
Γ2 (A2) k
2
x − k2y,kzkx
Γ3 (B1) 2kxky,kzky
TABLE III. Gap basis functions for different cubic, hexagonal, and trigonal non-centrosymmetric point groups. The Γi ir-
reducible representation labels are from Ref. 230, the labels in brackets are also commonly used. The functions in brackets
{f1, f2, ...} are the degenerate basis functions for irreducible representations of more than 1 dimension.
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Point Group Representation Basis Functions
D4 Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) kxky(k
2
x − k2y)
Γ3 (B1) k
2
x − k2y
Γ4 (B2) kxky
Γ5 (E) {kxkz, kykz}
C4v Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) kxky(k
2
x − k2y)
Γ3 (B1) k
2
x − k2y
Γ4 (B2) kxky
Γ5 (E) {kxkz, kykz}
D2d Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) kxky(k
2
x − k2y)
Γ3 (B1) k
2
x − k2y
Γ4 (B2) kxky
Γ5 (E) {kxkz, kykz}
C4 Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) (k
2
x − k2y),kxky
Γ3 (B1) −kz(kx + iky)
Γ4 (B2) kz(kx − iky)
S4 Γ1 (A1) 1, k
2
x + k
2
y ,k
2
z
Γ2 (A2) (k
2
x − k2y),kxky
Γ3 (B1) kz(kx − iky)
Γ4 (B2) −kz(kx + iky)
D2 Γ1 (A1) 1, k
2
x,k
2
y ,k
2
z
Γ2 (A2) kzkx
Γ3 (B1) kxky
Γ4 (B2) kykz
C2v Γ1 (A1) 1, k
2
x,k
2
y ,k
2
z
Γ2 (A2) kzkx
Γ3 (B1) kxky
Γ4 (B2) kykz
C2 Γ1 (A1) 1, k
2
x,k
2
y ,k
2
z ,kxky
Γ2 (A2) kzkx,kzky
Cs Γ1 (A1) 1, k
2
x,k
2
y ,k
2
z ,kxky
Γ2 (A2) kzkx,kzky
C1 Γ1 (A1) all components allowed
TABLE IV. Gap basis functions for different tetragonal, orthorhombic, and monoclinic non-centrosymmetric point groups. The
Γi representation labels are from Ref. 230, the labels in brackets are also commonly used. The functions in brackets {f1, f2, ...}
are the degenerate basis functions for irreducible representations of more than 1 dimension.
A. Ginzburg Landau free energy
Non-centrosymmetric superconductors allow the existence of Lifshitz invariants in the Ginzburg Landau (GL)
free energy235,237,246–249. These give rise to magnetoelectric effects8,237,250–252, helical phases247,248,253–255, and a
new anomalous magnetization8,248,250,256,257. Here we initially consider the GL theory for a single component order
parameter and include a generalized Lifshitz invariant allowed by non-centrosymmetric structures. The form of this
Lifshitz invariant depends on the specific point group symmetry and these are tabulated in Table V. The emphasis
here is to highlight the physics arising from the Lifshitz invariants, so for simplicity, we ignore any anisotropy that
appears in the usual GL free energy. Consequently, the GL free energy is (we work in units such that ~ = c = 1):
F =
∫
d3r
{
α(T − Tc0)|η|2 +Kη∗(D2x +D2y +D2z)η +
β
2
|η|4 + B
2
8π
+ flif
}
(43)
where Di = −i∇i − 2eAi and B = ∇×A and, the Lifshitz invariant flif is given by
flif = KijBi[η
∗(Djη) + η(Djη)
∗]. (44)
The GL equations are found by varying Eq. 43 with respect to A and η. This yields
α(T − Tc0)η + β|η|2η +KD2η +Kij [2hi(Djη) + iη∇jBi] = 0 (45)
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Point Group Lifshitz Invariants
O K(Bxjx +Byjy +Bzjz)
T K(Bxjx +Byjy +Bzjz)
D6 K1(Bxjx +Byjy +Bzjz) +K2Bzjz
C6v Kxy(Bxjy −Byjx)
C6 K1(Bxjx +Byjy +Bzjz) +K2Bzjz +Kxy(Bxjy −Byjx)
D4 K1(Bxjx +Byjy +Bzjz) +K2Bzjz
C4v Kxy(Bxjy −Byjx)
D2d Kxy(Bxjy −Byjx)
C4 K1(Bxjx +Byjy +Bzjz) +K2Bzjz +Kxy(Bxjy −Byjx)
S4 K1(Bxjx −Byjy) +Kxy(Byjx +Bxjy)
D3 K1(Bxjx +Byjy +Bzjz) +K2Bzjz
C3v Kxy(Bxjy −Byjx)
C3 K1(Bxjx +Byjy +Bzjz) +K2Bzjz +Kxy(Bxjy −Byjx)
D2 K1Bxjx +K2Byjy +K3Bzjz
C2v KxyBxjy +KyxByjx
C2 K1Bxjx +K2Byky +K3Bzjz +KyxByjx +KxyBxjy
Cs KzxBzkx +KzyBzjy +KxzBxjz +KyzByjz
C1 all components allowed
TABLE V. Form of Lifshitz invariants for different non-centrosymmetric point groups. Here ji = η
∗(Diη)+η(Diη)
∗. The point
groups Td, D3h, and C3h are not listed since these point groups do not have Lifshitz invariants that are linear in ji and Bi.
and
Ji =
1
4π
[∇× (B− 4πM)]i = 2eK[η∗(Diη) + η(Diη)∗] + 4eKjiBj |η|2 (46)
where
Mi = −Kij[η∗(Djη) + η(Djη)∗]. (47)
In addition, the following boundary conditions are also needed (which originate from surface terms stemming from
integration by parts in the variation of Eq. 43):
[Knˆi(Diη) +KijBinˆjη]boundary = 0 (48)
where nˆj is the component of the surface normal along jˆ. This is joined with the Maxwell boundary conditions:
continuity of the normal component of B and continuity of the transverse components of H = B − 4πM across the
boundary. The appearance of M in Eq. 47 makes these boundary conditions non-trivial. The condition that no
current flows through the boundary follows by taking the addition of the complex conjugate of Eq. 48 multiplied by
η∗ and Eq. 48 multiplied by η, resulting in J · nˆ|boundary = 0. Note that the boundary conditions are valid only on a
length scale greater than ξ0, the zero-temperature coherence length. In the following, the solutions to some problems
are given to gain insight into the physics stemming from these Lifshitz invariants.
B. Spatially uniform magnetic fields: Helical state
The GL equations simplify when the magnetic field is spatially uniform. In particular, introducing the following
redefined order parameter:
η˜ = η exp
(
iq·x) = η exp (i iBjKjkxk
K
)
(49)
yields the following GL free energy for η˜ that no longer has any Lifshitz invariants
F =
∫
d3r
{[
α(T − Tc0)−BlKlmBjKjmBk
]
|η˜|2 +K1η˜∗(D2x +D2y +D2z)η˜ +
β
2
|η˜|4 + B
2
8π
}
. (50)
The resulting GL equations are those of a single component superconductor with an increase in Tc due to the magnetic
fields (in general, there is also a paramagnetic suppression to counter this increase in Tc). The new GL equations
follow from a minimization of Eq. 50 with respect to A and η˜. Importantly, the phase factor that appears in η˜
34
cancels the Lifshitz invariant contribution to the boundary condition. Additionally, the magnetization that follows
from Eq. 50 is the same as that in Eq. 47 found earlier. Eq. 50 implies that some results from the usual GL theory
apply (when magnetic fields are homogeneous). In particular:
i) Near the upper critical field, the vortex lattice solution coincides with that of Abrikosov.
ii) The critical current in thin wires will show no asymmetry under change of direction.
iii) Hc3, the surface critical field, is unchanged with respect to usual superconductors (as found by DeGennes).
Notably, the magnetic field induced change to Tc does not change Hc3 to leading order in (Tc − T )/Tc).
Helical State and Josephson interference experiments
The key difference with respect to usual superconductors that arises from the combination of broken inversion
symmetry and a magnetic field is that the order parameter develops a spatial modulation, as illustrated through
Eq. 49. In particular, a helical spatial dependence in the complex plane develops in η˜, leading to the name helical
state to describe this thermodynamic phase. When considering the bulk physics, this phase factor can be removed by
a gauge transformation and consequently has no pronounced qualitative effect on the macroscopic bulk physics (note
that as discussed later, it can have an important effect on the microscopic excitation spectrum). However, since the
spatial variation is related to the phase of the order parameter, it is in principle possible to observe this through a
Josephson interference experiment248. The details of such an experiment depend on the point group symmetry of the
broken inversion material. Here we explicitly consider two-dimensional materials with point group symmetry C6v,
C4v, D2d, or C3v, which all allow a Lifshitz invariant of the form κxy(Bxjy −Byjx) (which can stem microscopically
from a Rashba spin-orbit interaction). For simplicity, we restrict ourselves to C4v symmetry, the results for C6v, D2d,
and C3v will be the same. In this case a magnetic field applied perpendicular to the 4-fold symmetry axis (we label the
4-fold symmetry axis zˆ) and the magnetic field direction as xˆ) will induce a spatial modulation perpendicular to both
the field and 4-fold symmetry axis, that is q is along yˆ. If there is a centrosymmetric superconductor with a phase
that is weakly linked to the non-centrosymmetric superconductor with an interface that has its surface normal along
xˆ, then the development of the spatial modulation will lead to an Franuhofer interference pattern in the Josephson
current, even though there in no magnetic flux through the junction.
This can be shown by considering the following free energy of the junction
HJ = −t
∫
dx[Ψ1(R)Ψ
∗
2(R) + c.c.] (51)
where the integral is along the junction. The Josephson current is
IJ = Im
[
t
∫
dxΨ1(R)Ψ
∗
2(R)
]
(52)
If the junction length is 2L, the integrating leads to a maximum Josephson current of
IJ = 2t|Ψ01||Ψ02|
| sin(qL)|
|qL| . (53)
Consequently, the Josephson current will display an interference pattern for a field perpendicular to the junction. In
the usual case the Fraunhofer pattern is observed for a magnetic field perpendicular to the film (a magnetic flux then
passes through the junction).
Magnetoelectric Effect
One of the first predictions of non-centrosymmetric superconductivity was that a spin-polarization is induced by a
supercurrent251. Within the phenomenological theory, this spin-polarization is given by the magnetization in Eq. 47,
which is re-written here for convenience
Mi = −Kij[η∗(Djη) + η(Djη)∗]. (54)
Eq. 47 reveals that this magnetization appears when a phase gradient, that is a supercurrent, appears on the right
hand side of this equation. It was later suggested that the converse effect exists, that is, a Zeeman field would induce
a supercurrent237. This follows from the expression for the current of Eq. 46 in the limit that the usual GL current
(2eK[η∗(Diη) + η(Diη)
∗]) vanishes. This does not take into account the possibility discussed above, that the order
parameter develops a spatial modulation in the presence of a Zeeman field (this modulation leads to a nonvanishing
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FIG. 15. Configuration for a Josephson interference pattern to observe the helical state in non-centrosymmetric supercondon-
ductors.
2eK[η∗(Diη) + η(Diη)
∗]). This phase modulated state ensures that the resultant total supercurrent is vanishing.
However, in spite of the appearance of the helical state, it is possible to create this Zeeman field induced supercurrent
through a geometry like that used to observe Little-Parks oscillations253. This can be understood as follows, the
supercurrent has two contributions, one is the usual GL current 2eK[η∗(Diη) + η(Diη)
∗] and the other is the current
that arises from the Lifshitz invariants. In the helical state, these two contributions cancel each other. However, by
wrapping the superconductor in a cylinder, single valuedness of the order parameter does not allow the helical phase
to develop and a non-zero current can develop since the two contributions non longer cancel. The resulting current
will be periodic in the applied magnetic field253.
C. London Theory and Meissner State
The Lifshitz invariants also lead to qualitatively new effects when the magnetic field is not spatially uniform. To see
this, let us examine the usual penetration depth problem in which the magnetic induction decays exponentially from
the surface where there is an applied field. Let us work in the London limit and set η = |η|eiθ with the assumption
that the magnitude |η| is spatially constant. We then minimize the GL free energy with respect to θ and A with
arbitrary Lifshitz invariants, leaving the discussion of specific point group symmetries (which restrict the form of the
Lifshitz invariants) to end of this Section. Minimization with respect to θ gives
K∇ · (∇θ − 2eA) +Kij∇iBj = 0 (55)
which yields the continuity equation for the current (∇ · J = 0). Minimization with respect to A gives
Ji =
1
4π
[∇× (B− 4πM)]i = − 1
4πλ2
[Ai − 1
2e
∇iθ −
∑
j
σjiBj ] (56)
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FIG. 16. London penetration for point groups O (left) and C4v (right). The applied field is H and the magnetic induction
at the surface is B. In both cases the four-fold symmetry axis is along zˆ, which is along the surface normal. The magnetic
induction decays with z inside the superconductor. In both cases B is discontinuous at the interface due to magnetization
in the superconductor that appears from the Lifshitz invariants. For point group O this discontinuity is perpendicular to the
applied field, while for point group C4v this discontinuity is along the applied field.
with
4πMi =
1
λ2
∑
j
σij(Aj − 1
2e
∇jθ), (57)
1/λ2 = 8π(2e)2K|η|2 and σij = 16πeλ2Kij . We consider the orientation shown in Fig. 3, with the applied field along
the yˆ direction and the interface normal to be along the zˆ direction. A rotation of the fields in the GL free energy allows
this orientation to be generalized to all other orientations. It is assumed that the only spatial variations are along
the interface normal (z). From ∇ ·B = 0 this assumption implies Bz = 0. In addition, we set A = [Ax(z), Ay(z), 0] ,
yielding B = (−∂Ay/∂z, ∂Ax/∂z, 0) and we choose a gauge where ∇θ = 0. Eq. 56 yields
∂By
∂z
=
1
λ2
∂
∂z
[σyyAy + σzyAz ] +
1
λ2
Ax − 1
λ2
σxxBx (58)
∂Bx
∂z
=
1
λ2
∂
∂z
[σxxAx + σzxAz]− 1
λ2
Ay − 1
λ2
σyyBx (59)
4πJz =0 = Az − σzxBx − σzyBy. (60)
Note that contributions from σxy and σyx do not appear. Taking derivatives of Eq. 58 and 59 with respect to z, using
Eq. 60 to eliminate Az , we have
(1− σ
2
zy
λ2
)
∂2By
∂z2
=
1
λ2
By − σxx + σyy
λ2
∂Bx
∂z
+
σzyσzx
λ2
∂2Bx
∂z2
(61)
(1− σ
2
zx
λ2
)
∂2Bx
∂z2
=
1
λ2
Bx +
σxx + σyy
λ2
∂By
∂z
+
σzyσzx
λ2
∂2By
∂z2
. (62)
The corresponding boundary conditions are Bi(z →∞) = 0 and
Hy =By(z = 0)− 4πMy(z = 0) (63)
0 =Bx(z = 0)− 4πMx(z = 0) (64)
where Hy is the applied field. Mx,My is given through Eq. 57 and Eqs. 58, 59, and 60 can be used to eliminate A
in favor of B and its derivatives. Setting Bi = Bi0 exp(−δz/λ) yields a solution that can be found analytically. This
solution is quite involved and it is more informative to consider the point groups O and C4v as is done below.
O point group
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Materials with this point group are Li2Pt3B
78,79,81 and Mo3Al2C
167,168. Solutions to this problem can also be found
in Refs. 8 and 250. For point group O, the relevant Lifshitz invariant is K1B · j. This is a scalar under rotations, so
the solution does not depend on the surface normal orientation. In this case, the equations for B are
∂2By
∂z2
=
1
λ2
By +
δ
λ2
∂Bx
∂z
(65)
∂2Bx
∂z2
=
1
λ2
Bx − δ
λ2
∂By
∂z
. (66)
where δ = −2σxx (note σxx = σyy). The solution to first order in δ/λ is
By =Hy
[
cos
δz
λ2
+
δ
λ
sin
δz
λ2
]
e−z/λ (67)
Bx =Hy
[ δ
λ
cos
δz
λ2
− sin δz
λ2
]
e−z/λ. (68)
This implies that the magnitude of the Bx is discontinuous as it crosses the surface (though not that of By) and that
B rotates inside the superconductor. In a slab, Bx is of opposite sign on the opposite sides of the slab.
C4v point group
CePt3Si
19 has this point group symmetry. For the point group C4v, the relevant Lifshitz invariant is by Kxyzˆ ·B× j,
leading to σ = σxy = −σyx 6= 0. The solution now depends upon the relative orientation of the interface normal and
the applied magnetic field and has been considered in Ref. 257. We explicitly consider the applied field oriented along
the yˆ direction and the interface normal either along or perpendicular to zˆ (the four-fold symmetry axis). Initially
consider the interface normal along the zˆ direction. In this case Bx = 0, and the usual London equation arises
∂2By
∂z2
=
1
λ2
By (69)
with the unusual boundary condition Hy|z=0 = (By + σλBy)|z=0 (due to existence of the magnetization in Eq. 57).
This yields
By(z) =
Hy
1 + σλ
e−z/λ. (70)
In this case, unlike the case with O symmetry, there is no rotation of B across the sample surface. However, the B is
discontinuous as the surface is crossed. Again, in a slab, the discontinuity in By is opposite for opposite sides of the
slab.
Now consider the case that the interface normal is perpendicular to the zˆ direction, say along the xˆ direction (so
that Bx = 0). In this case, Bz = 0 and the solution for By gives
By =
Hy
1− σ2λ2
e−z/λ˜ (71)
where σ = σxy and λ˜ = λ(1 − σ2λ2 ). Again By is discontinuous across the interface, however, since σ/λ is presumably
less than 1, the discontinuity is smaller than in the previous case. In addition, for a slab, the discontinuity is the same
sign on opposite sides of the slab.
D. Spatial structure of a single vortex
For strongly type II superconductors, London theory can also give the field distribution of a vortex. The lack of
inversion symmetry introduces some new physics. Again, the emphasis will be on point groups O and C4v
8,257,258.
Here we consider the parameter σij/λ to be small so that the Lifshitz invariants perturb the usual London solution.
The usual London solution is given by θ = −φ (φ is the polar angle) and, for a field applies along the nˆ, direction
B =
1
2eλ2
K0(r/λ)nˆ (72)
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where K0(x) is a modified Bessel function. The field distribution due to the Lifshitz invariants depends upon the
point group symmetry.
O point group
The solution in this case was found originally in Ref. 8. The solution does not depend upon the field orientation
and the modified London equation is
∇×∇×B = − 1
λ2
+ 2
δ
λ2
∇×B. (73)
The new term on the right hand side implies that, in addition to the usual field component along zˆ, there is a new
component along φˆ. To first order in δ/λ the additional field is
B
(1)
φ (x = r/λ) =
δ
eλ3
{
K1(x)
∫ x
0
x′dx′I1(x
′)K1(x
′) + I1(x)
∫ ∞
x
x′dx′[K1(x
′)]2
}
(74)
where I1 and K1 are modified Bessel functions of the first kind. The asymptotic behavior of this transverse flux
density is
Bφ ∼
{− δ2eλ3 [ 1x + x lnx− x2 ], x→ 0
δ
eλ3
√
πx
8 e
−x, x→∞. (75)
The corresponding current Jz(x) (which is along the applied field direction) has the asymptotic behavior
Jz(x) ∼
{
µ
4πκ2 ln
1
x , x→ 0
− µ4πκ2
√
πx
8 e
−x, x→∞. (76)
The divergence in Jz for small x is an artifact of the London theory and an examination of the full GL equations
removes this258.
C4v point group
The fields that appear due to the Lifshitz invariants depend in this case upon the orientation of the applied field.
For a field applied along the yˆ direction, the solution for B is (correct to order σ/λ)257
B =
1
2eλ2
K0(|r+ σ
λ
zˆ|/λ)yˆ. (77)
This implies that the maximum value of By is shifted away from the vortex center. This shift was also found in
a numerical solution of the GL equations256. For the applied field along the four-fold symmetry axis, the B field
is unchanged from the usual solution. However, there is a magnetization along the radial direction257 (the radial
magnetization was also found in the vortex lattice solution near Hc2
248).
E. Vortex Lattice Solutions
Near the upper critical field, there have been a variety of studies of the Abrikosov vortex lattice248,259–261. Some of
these studies predict novel lattice structures which physically stem from the interplay of FFLO physics and the helical
phase discussed above259–262. Within the phenomenological theory described here, this interplay can be captured
by allowing K and or β to become negative in the GL free energy of Eq. 43. In this section we will not consider
these solutions, but focus on the role of the Lifshitz invariants. Near the upper critical field, the magnetic field is
approximately spatially uniform and, as described earlier, the vortex lattice is hexagonal (perhaps with a uniaxial
anisotropy). The order parameter solution near the upper critical field takes the form η(r) ∝ exp(iq · r)φ0(x, y)
where φ0(x, y) is a lowest Landau level (LLL) solution and the field has been taken to be along the zˆ axis. This
solution, combining the helical phase factor with a LLL solution, has been named the helical vortex phase. The
primary consequence is that the upper critical field is enhanced due to the presence of the Lifshitz invariants248.
Note that due to the degeneracy of the LLL solution, there is the possibility of absorbing the helical phase factor.
In particular, the LLL solution φ˜0(x, y) = e
iτyx/l
2
Hφ0(x, y − τy) (where lH is the magnetic length) is degenerate with
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φ0(x, y), implying that the wavevector q can be removed in favor of a shift of origin, provided q is perpendicular to
the applied magnetic field (which is true for point group C4v but not for point group O). In two dimensions for point
group C4v, the applied field is not screened, so the helical phase factor cannot be removed. A second consequence of
the Lifshitz invariants is on the spatial distribution of the B field. Just as in the single vortex solution, the magnetic
induction can develop components that are not parallel to the magnetic field8,248,258. Finally, we note that in carrying
out numerical solutions to the time-dependent GL equations, it is important to use the correct boundary conditions
(those listed earlier), otherwise it is possible to find solutions in which vortices flow spontaneously256.
F. Multi-component order parameters
For non-centrosymmetric superconductors for which the superconducting order parameter contains multiple complex
degrees of freedom, there will also exist Lifshitz invariants with physics similar to that described above. However, in
this case there is a new possibility, that is the appearance of a helical phase when no magnetic fields are applied81,249.
This can occur when the ground state without magnetic field breaks time reversal symmetry5,263. An example of
this appears in the point group O when the superconducting order parameter belongs either to one of the two three
dimensional representations, for example for a spin singlet gap function ψ(k, r) = η1(r)kykz + η2(r)kxkz + η3(r)kxky.
Ignoring Lifshitz invariants, this state can have four possible ground states5
ηA = (η1, η2, η3) ∝ (1, 0, 0)
ηB = (η1, η2, η3) ∝ (1, 1, 1)
ηC = (η1, η2, η3) ∝ (1, i, 0)
ηD = (η1, η2, η3) ∝ (1, ω, ω2)
where ω = e2iπ/3. Symmetry allows the following Lifshitz invariant
iK(η∗1Dyη3 + η
∗
2Dzη1 + η
∗
3Dxη2 − c.c.). (78)
Writing (η1, η2, η3) = e
iq·r(η0,1, η0,2, η0,3) with η0,i spatially independent yields
iK[qy(η
∗
0,1η0,3 − η0,1η∗0,3) + qz(η∗0,2η0,1 − η0,2η∗0,1) + qx(η∗0,2η0,3 − η0,2η∗0,3)], (79)
this reveals that the states with order ηC and ηD are unstable to developing a helical phase. For example, for ηC ,
the ground state becomes η ∝ eiqz(1, i, 0). The helical order develops in these two cases because the ground state
breaks time-reversal symmetry.
G. Microscopic derivation of Lifshitz invariants
There have been a variety of microscopic calculations of the Lifshitz invariants in Eq. 43235,237,248,249. These have
been evaluated for temperatures close to Tc. Here the results are summarized. When there is only one helicity band
crossing the Fermi energy, as would be the case for the surface state of a topological insulator264, the weak coupling
limit gives
Kij = −µBN0S3
2
〈φ2(k)γˆi(k)vj(k)〉 (80)
where N0 is the density of states at the Fermi energy, φ(k) is a momentum dependent basis function for a one-
dimensional representation of the superconducting point group (note that φ(k) must be even parity), µB is the Bohr
magneton, and
S3(T ) = πT
∑
n
1
|ωn|3 =
7ζ(3)
4π2T 2
. (81)
When both helicity bands cross the Fermi energy (as is common), under the assumption that φ(k) is the same for
both helicity bands, then Eq. 80 is multiplied by
δN = (N+ −N−)/(N+ +N−). (82)
where N± are the partial density of states of the helicity bands at the Fermi energy (note that N0 = N+ +N−).
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H. Microscopic derivation of anomalous current and magnetization
Expressions for the anomalous magnetization Eq. 47 and related current Eq. 46 have been found for all temperatures
below Tc
237,251. In particular, in the limit of small magnetic fields and a small superconducting phase gradient (∇θ),
for circular 2D helicity bands in the clean limit with a Rashba spin-orbit interaction (that is γ(k) = αnˆ × p(k)),
the Ginzburg Landau expressions Eq. 46 and Eq. 47 for the supercurrent Jx and the magnetic moment My can be
generalized to (here it is assumed that the field is applied along yˆ):
Jx =ρs
~∇xθ
2m − κBy
My =
κ
2~∇xθ (83)
where ρs is the superfluid density,
κ(T ) =
µ
4π~2
[pF+{1− Y (T,∆+} − pF−{1− Y (T,∆−)}] (84)
pF,± are the Fermi momenta for the two helicity bands, ∆± are the corresponding gaps, µ is the Fermi energy, and
Y (x) is the Yoshida function. A key feature that emerges from this result is that, as found analogously in the above
section for the Lifshitz invariants, κ(T ) ∝ δN for δN << 1.
It has also been found that Fermi liquid corrections will alter the expression for the anomalous current252. In
particular, increased ferromagnetic correlations enhance the anomalous current. This can play an important role in
heavy Fermion materials, for which the anomalous current as given through Eq. 84 is unchanged but for which the
effective mass enhancement suppresses the usual supercurrent252. Consequently, the relative effects of the Lifshitz
invariants may be significantly enhanced in these materials.
I. Macroscopic theory of FFLO and helical phases
Given that the helical phase occurs as a consequence of a Zeeman field, microscopic descriptions of this state often
involve an interplay with the closely related Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state244,245. It is useful to
understand this interplay within a macroscopic description prior to discussing the microscopic results. The starting
point for this is the GL free energy given in Eq. 43. As was pointed out in Ref. 265, a Zeeman field can cause the
phenomenological parameter K to become negative for weak-coupling theories of singlet superconductors, signaling
a transition into a spatially modulated state. When this occurs, terms with fourth order derivatives need to be
added in the GL free energy to ensure that the energy is bounded below. Intriguingly, it is also found that the
phenomenological parameter β also becomes negative at a Zeeman field comparable to (or equal to) that at which
K becomes negative265. This provides the macroscopic explanation for why the so called Larkin-Ovchinnikov (LO)
phase is often stable. In this phase, in the simplest case, the order parameter takes the form ηLO = η0 cos(q·x). If
β > 0, then the so called Fulde-Ferrell (FF) phase is stable, where ηFF = η0 exp
iq·x. The near simultaneous sign
change of both K and β with Zeeman field (in weak-coupling theories) imply that the detailed FFLO phase diagram
depends sensitively on the nature of impurity scattering and anisotropy in the singlet gap function265,266. Indeed,
a key difference between the helical phase in non-centrosymmetric materials and the FFLO phase, is that since the
helical phase is determined by symmetry arguments, it will be robust in the presence of impurities; this is not the
case for the FFLO phase.
More recently, it has been understood that important insight into FFLO and related pair density wave (PDW)
states can be gained by expressing the GL free energy in terms of a plane-wave expansion of the order parameter, for
example using {ψq(x), ψ−q(x)} where η(x) = ψq(x)eiq·x + ψ−q(x)e−iq·x253,254,267–269. In such a basis, the GL free
energy becomes (here we have not included the effect of broken parity symmetry which we discuss below)
F =
∫
d3r
{
α(|ψq |2 + |ψ−q|2) + β1
2
(|ψq|2 + |ψ−q|2)2 + β2|ψq|2|ψ−q|2 +K(|Dψq|2 + |Dψ−q|2)
}
. (85)
A feature that immediately emerges from Eq. 85, is that the symmetry of the free energy is higher than the usual
U(1) gauge symmetry. In particular, it can be seen that the free energy is independent of the values of the phases of
both ψq and ψ−q, implying a U(1)×U(1) symmetry. The emergence of this second U(1) degree of freedom physically
describes the breaking of translational symmetry breaking by the FFLO order parameter and is a general feature of
such theories. It is important in understanding the topological defects of the theory, which no longer include just
vortices, but also dislocations due to the translational symmetry breaking. Intriguingly, it has been found that defects
combining half a vortex with half a dislocation also appear267,270,271. Such defects play an important role in the vortex
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physics, where a conventional vortex can decay into a pair of half-flux vortices267, and in the defect mediated melting
of these phases, which can give rise to new phases, such as a spatial homogeneous charge 4e superconductor270,271.
The approach of the previous paragraph is perhaps the clearest to understand the interplay between the helical
and FFLO phases when inversion symmetry is broken. In particular, the simplest means to capture this interplay is
to introduce a term
ǫ(|ψq|2 − |ψ−q|2) (86)
to Eq. 85. This term explicitly breaks both parity and time-reversal symmetries and therefore appears in broken
parity materials only when a magnetic field is applied. The consequences of this term are that either ψq or ψ−q
will appear at a phase transition and that a second phase transition can occur into a LO-like phase, for which both
components ψq or ψ−q are non-zero. An additional consequence of this term in the free energy is that the one-half
flux vortices of the inversion symmetric FFLO phases now become fractional flux quanta vortices with Φ1 +Φ2 = Φ0
and Φ1 6= Φ0/2. This can lead to the development of Skyrmion vortex phases, as is found within the microscopic
theory discussed in Ref. 262.
J. Microscopic Theory of the Helical and FFLO Phases
The origin of the helical phase within a microscopic description follows from the observation that once both parity
and time-reversal symmetries are both broken, there is no guarantee that single-particle states at momentum k and
−k are degenerate. Consequently, the possibility that Cooper pairs with a finite center of mass momentum (that is
pairing between single particle states with momenta k+ q/2 and −k+ q/2, leading to a gap function ∆(x) ∝ eiq·x)
should be considered. Within a weak-coupling theory, finite momentum pairing states can appear once a Zeeman
magnetic field is turned on. In particular, including the Zeeman field through
HZ = −
∑
k,α,β
µBH · σαβa†kαakβ (87)
leads to the following single particle excitation spectrum
ξ±(k,H) = ξ(k) ±
√
γ2(k) − 2µBγ(k) ·H+ µ2BH2. (88)
Taking |γ| >> |H | (and ignoring small regions of momentum space where γ = 0 may occur) yields
ξ±(k,H) ≈ ξ(k)± µBγˆ(k) ·H. (89)
As discussed in the introduction, the origin of finite momentum pairing states are a consequence of this dispersion. For
a Rashba spin-orbit interaction, with γ = γ⊥(ky xˆ−kxyˆ), an otherwise parabolic dispersion, and a magnetic field along
xˆ, the Fermi surfaces remain circular with centers shifted along the yˆ direction (the two Fermi surfaces are shifted in
opposite directions). Finite momentum Cooper pairs are stable because pairing now occurs through the new center
of one of the Fermi surface. In this case, the same momentum vector q can be used to pair every state on one of the
two Fermi surfaces, illustrating that the finite momentum pairing state can be very stable. For an arbitrary ASOC, a
finite center of mass pairing can occurs if the paired states are degenerate, that is if ξ±(k + q,H) = ξ±(−k+ q,H),
which yields ~q ·vF = µBH · γˆ(k). For the usual FFLO superconductor, the equivalent condition is ~q ·vF = µB |H|
which typically is satisfied over a smaller phase space than ~q · vF = µBH · γˆ(k), indicating an increased relative
stability of finite momentum pairing states when inversion symmetry is broken.
The bulk of microscopic studies of finite momentum pairing states have focussed on a Rashba spin-orbit interaction
in two-dimensions253–255,262,272–275. There have also been few studies in three dimensions248,255,260,261,264,276,277,
including point groups C4v and the point group O, which develops a helical modulation along the direction of the
applied magnetic field and therefore easily co-exists with a vortex lattice phase. These studies have resulted in a clear
physical picture of the interplay between the helical phase and the FFLO phase, the role of disorder on these phases,
and how to probe these phases. Without going into more detailed microscopic arguments, some of the main results
for a Rashba interaction are presented in the remainder of this section.
When no disorder is present, then the interplay between the FFLO and the helical phases plays an important role in
the underlying physics. This interplay manifests itself with the choice of q in forming finite center of mass momentum
states. In particular, as discussed above, with a Rashba spin-orbit coupling and a magnetic field along the xˆ direction,
the two Fermi surfaces prefer opposite q vectors. This gives rise to competition between the single-q (helical) and
multiple-q (FFLO-like) phases. A central parameter in determining the stable ground state is δN introduced in
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Eq. 82254,255,261,273–276. When δN is small, both the helical and FFLO-like phases appear. In the low field limit,
the helical phase appears with |q| = q ≈ δNHµB/vF . As the field is increased above the typical Pauli field, then
the FFLO-like phase appears through a phase transition while q increases in magnitude to a value q ≈ HµB/vF . As
δN increases, the FFLO-like phase becomes less stable and eventually disappears. For a Rashba interaction in 2D
with a parabolic dispersion, the FFLO-like phase no longer exists when δN > 0.25262. In the clean limit, the helical
phase can be observed through density of states measurements. At high fields, the density of states in the helical
phase reveals a gap for the Fermi surface for which pairing is favored by q and a residual normal state (temperature
independent) density of states for the Fermi surface that would prefer to pair with a momentum −q. The appearance
of this residual density of states as field is increased would provide a signature of the helical phase.
Disorder also tends to remove the FFLO-like phases, leaving only the helical state as stable. In the moderate
disorder limit, for which 1/τ << ∆so where τ is the relaxation time and ∆so = αkF , is the strength of the Rashba
spin-orbit coupling, significant theoretical progress can be made254,273,275. In particular, it has been shown that
q = −4δN
vF
µBH× zˆ (90)
throughout the phase diagram (this assumes that ∆so << ǫF ) and the upper critical field for in-plane fields is given
by
µBHc2 =
1
2
√
~∆0
τ
(91)
where ∆0 is the magnitude of the superconducting gap at zero field and at zero temperature. The increase of the
critical field with disorder has been noted in a series of publications254,273,275 and a related increase has also been
found for superconductors with ASOC consistent with cubic O point group symmetry276. We note that strong spin-
orbit coupling and strong disorder appear to be generic ingredients for a recent observation that Tc is increased in 2D
materials when an in-plane magnetic field is applied278. However, the results of the weak-coupling theories presented
above cannot account for this observed increase in Tc, though they naturally give rise to a Tc that is not as strongly
suppressed by in-plane fields as in usual centrosymmetric singlet superconductors. Finally, we note that there is
experimental support for the helical phase in monolayer Pb films279.
VII. TOPOLOGICAL SUPERCONDUCTIVITY AND EDGE STATES
With the realization that spin-orbit coupling can drive topological insulator states, with edge states protected by
the topology of the bulk wavefunction280,281, a deeper understanding of bound states inside vortex cores or at the edge
of superconductors has emerged. Indeed topological materials and superconductivity has generated a large literature
and is a rapidly evolving field which is covered by a series of recent review articles229,234,243,282–285. Here we focus
on the implications of these recent results on non-centrosymmetric superconductors. In this context, we emphasize
three aspects:
1- Topological edge states in fully gapped superconductors7,8,234,243,286–292.
2- Topological edge states in nodal broken inversion superconductors229,243,286,287,293–297.
3- The use of noncentrosymmetric superconductors to create single Majorana modes202,283,298,299.
A key result is that the degree of singlet-triplet mixing plays a central role in determining if the superconductor is
topological. This is particularly relevant when the pairing is in the isotropic channel, that is, the symmetry of the
superconducting state is the same as that of a usual s-wave superconductor. In this case, the predominantly spin-
singlet pairing states are not topological, while the predominantly spin-triplet states are. This applies to fully gapped
superconducting states and to mixed singlet-triplet superconducting states that have line nodes. If the pairing is not
in the isotropic channel, then topological arguments used in the context of understanding Andreev bound states in
unconventional superconductors (for example the well known bound states of a dx2−y2 superconductor along a (1, 1, 0)
surface300,301) also apply. In this Section, the gap functions are defined through the pairing Hamiltonian given in
Eq. 40. When just two helicity bands are included, these gap functions are given by Eq. 42 (note that the discussion
below allows for the existence of more than two bands).
A. Fully gapped noncentrosymmetric superconductors
For fully gapped superconductors, the ”ten-fold way” topological classification applies282,283,285,291. Within this
classification, non-centrosymmetric superconductors with time-reversal symmetry belong to class D-III. For this class,
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it is known that in 1D and 2D, there is a Z2 topological index that characterizes topological superconductivity, while
in 3D there is an integer Z index. Focussing first on the 3D case, the Z index can be expressed as a winding number
over all of momentum space291. This is not always useful for superconductivity, for which the pairing often only
occurs for electrons within a small energy window near the Fermi surface. In this limit, the corresponding winding
number has been found to be290,292
NW =
1
2
∑
s
sgn(∆s)C1s (92)
where the s sums over disconnected Fermi surfaces, sgn(∆s) gives the sign of the gap function on the Fermi surface
labelled by s, and C1s is the first Chern number of the Fermi surface s and is computed in the normal state without
superconductivity. In the context of the pseudo-spin basis discussed earlier the sum over s involves two Fermi surfaces
and for each of these, C1s can be interpreted as the monopole charge due to the spin-orbit induced spin texture. An
illustrative example is a superconductor with point group O, which allows γ(k) ∝ kxxˆ+ ky yˆ+ kz zˆ. This yields a pair
of spherical Fermi surfaces in the small k limit. In this case the spin texture on each Fermi surface has the same form
as the electric field due to a point charge at the origin, with the two Fermi surfaces having opposite monopole sign,
C1s = (−1)s. Consequently, only when the sign of the gap is opposite on both these Fermi surfaces do we have a non-
zero topological index, implying a topological superconductor. As discussed earlier, this corresponds to the situation
that the superconducting state is predominantly spin-triplet (the predominantly spin-singlet case is not topological).
From the bulk-boundary correspondence, a non-zero NW implies that the there exist edge states. In the context of the
point group O discussed in the above paragraph, the corresponding edge states are two-dimensional Majorana cone
states243,283,285 which are Majorana edge states with a two-dimensional conical dispersion in the surface Brillouin
zone momenta.
In 2D, the associated topological index for time-reversal invariant non-centrosymmetric superconductors is202,234,290
N2D = Πs[sgn(∆s)]
ms (93)
where the product is over all disconnected Fermi surfaces and ms is the number of time-reversal invariant points
contained by the Fermi surface with label s (time-reversal invariant points satisfy k = G/2 where G is a reciprocal
lattice point). A relevant example in this case is a Rashba spin-orbit interaction in 2D for which γ(k) ∝ kxyˆ − kyxˆ
in the small momentum limit. In this case there is a pair of circular Fermi surfaces and the only time-reversal
invariant point contained by either of these Fermi surfaces is k = 0, leading to ms = 1. Consequently, when the
two gaps have opposite sign, the superconductor is topological, supporting a pair of helical Majorana edge states.
These two states are partners under time-reversal symmetry and exhibit linear dispersion in the momentum at the
edge202,234,243,288,290. These states support spin-currents which have lead to a variety of investigations7,285,286,288.
Again, topological superconductivity corresponds to the situation that the superconducting state is predominantly
spin-triplet (the predominantly spin-singlet case is not topological). In addition to the helical pair of edge modes, usual
single-flux quantum vortices also contain a pair of Majorana modes8,290,302. Since these vortices do not contain isolated
Majorana modes, they will not obey non-Abelian statistics that are useful in the context of quantum computing290,302.
We note that some related results exist for odd-parity superconductors with parity symmetry. In this case, a fully
gapped odd-parity superconductor is topological if the Fermi surface encloses an odd number of time-reversal invariant
points302,303.
B. Nodal noncentrosymmetric superconductors
It was realized that requiring a full superconducting gap was not required to generate edge states229,243,286,287,293–297,304.
For pairing states with the same symmetry as the crystal (s-wave-like), these states appeared in the predominantly
spin-triplet case. When the gap has nodes, then the topological arguments given in the previous subsection no
longer apply. However, it was found that other topological invariants can be used to describe the edge states that
appear294,295,305. In particular it was found that three types of edge states can be associated with non-zero topological
invariants; namely flat bands, Fermi arcs, and Majorana helical states in 2D or a Majorana cone in 3D.
The Majorana flat bands states are related to the well known Andreev bound states of d-wave superconductors.
These bound states were shown to exist on a surface with normal nˆ if ∆(k‖, kn)∆(k‖,−kn) < 0 where k‖ is a
wavevector in the surface Brillouin zone )and is perpendicular to nˆ. More recently, a related integer topological
invariant295,305 has been developed to describe superconducting topological Majorana flat band states in the ± helicity
bands
Wlmn(k‖) = −
1
2
∑
ν=±,ǫν(k)=0
sgn[∂knǫν(k)]sgn[∆ν(k)] (94)
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where (lmn) are the Miller indices describing the surface, ǫν(k) is the electron dispersion on helicity band ν, ǫν(k) = 0
denotes that the sum is over all points for which the trajectory across the 3D Brillouin zone crosses the helicity Fermi
surface ν, this trajectory is given by the straight line (k‖, kn) with kn varying from one side of the zone to the other
and k‖ is fixed. When this index is non-zero, then flat bands states will exist on the corresponding edge. Typically,
such trajectories cross the Fermi surface at two points and the sign of ∂knǫν(k) is opposite on these two points, in
which case this invariant simplifies295,305
Wlmn(k‖) = −
1
2
∑
ν=±
{
sgn[∆ν(kF,ν)]− sgn[∆ν(k˜F,ν)]
}
(95)
where kF,ν is one crossing point of the trajectory on the helicity Fermi surface ν and k˜F,ν is the other crossing point.
This immediately implies that if line nodes occur on one of the two helicity bands due to spin-singlet and spin-triplet
mixing in the s-wave-like pairing channel, a surface has flat band states for the surface BZ momentum region that is
bounded by the projections of the line nodes of the bulk gap onto the surface BZ. An example of using this invariant
is given below. These flat band states give rise to a zero bias conductance peak that can be seen through scanning
tunneling spectroscopy229,243,286,287,293–297,304. The stability of these flat bands at the edge have been examined for
stability against disorder306 and also for intrinsic instabilities297. When time reversal symmetry is broken, these flat
bands develop into a chiral dispersion, allowing for edge currents to flow307.
Fermi arcs can appear if the ASOC satisfies a particular symmetry and if there is more than one nodal line on a
Fermi surface295. In particular, if the ASOC satisfies γ(ki, k0) = γ(ki,−k0), along some direction uˆ orthogonal to ki,
then a Fermi arc will connect the projection of two nodal rings on the surface BZ for a surface normal is orthogonal
to u295. Each point of this Fermi arc has a pair of linearly dispersing Majorana helical modes. An example of when
these Fermi arcs appear is given below.
Finally, Kramers degenerate Majorana cone states can appear at time-reversal invariant points K‖ of the surface
BZ. These states appear if the Z2 invariant Nk‖ = sgn[∆+(kF,+)]sgn[∆−(kF,−)] is non-zero
294,295. Here kF,± =
(kn±,K‖) are the two points on the helical Fermi surfaces that are crossed by varying kn with fixed K‖ and subject
to ∂knǫν(k) > 0 at these points.
An instructive example that illustrates the use of the above topological invariants to understand the resultant
surface states is a Rashba spin-orbit coupling γ(k) ∝ kxyˆ − kyxˆ on a spherical Fermi surface229,295. In this case, the
gap functions on the two helicity bands are given by ∆±(θ, φ) = ∆s ±∆t| sin(θ)| where θ, φ are the spherical angles
that describe the position on the Fermi surface (we take ∆s and ∆t to be positive). If ∆t > ∆s, then ∆− has two line
nodes at fixed θ = θ0, π − θ0. For a surface normal along the zˆ direction, the above topological invariants all show
that are no topological edge states, this is because every trajectory through the BZ along the zˆ direction crosses the
FS at two points for which the gap has the same value. If the surface normal is rotated slightly away from the zˆ axis,
then there will be surface flat bands arising for the projections of the nodal planes on the surface BZ (there are no
flat bands where the projections of each nodal ring overlap on the surface BZ). Now consider a surface normal along
xˆ. In this case the symmetry of the Rashba interaction γ(k‖, kz) = γ(k‖,−kz) applies and there is Fermi arc that
runs along ky from the projection of one nodal line to the other on the surface BZ. Rotating slightly away from an xˆ
normal, towards zˆ implies that the same symmetry can no longer be used. However, there will be a Majorana cone
state at the origin since this is a time-reversal invariant point and the Z2 index Nk‖ = sgn[∆+(kF,+)]sgn[∆−(kF,−)]
is non-zero for k‖ = 0. These surface states are examined in detail in Ref. 295. It is also worthwhile noting that if the
spin-singlet position of the gap has symmetry imposed nodes (for example having dxy symmetry), then the modes at
the edge are also interesting295,305,308.
C. Isolated Majorana modes in vortex cores
It was realized that vortices containing isolated Majorana bound states obey non-Abelian statistics283,309. This has
a number of dramatic consequences, perhaps the most important of which is in topological quantum computing. This
subject is reviewed in detail in Ref. 283, so we briefly discuss the role of non-centrosymmetric superconductors in this
context. In particular, it was realized that a two-dimensional material with a Rashba spin-orbit interaction in the low
density limit has the potential to have a vortex with a single Majorana bound state in the vortex core302,310,311. In
particular if a Zeeman magnetic field is applied such that one of the two helicity bands becomes gapped, so that only
one helicity band remains, a usual superconducting vortex in the remaining helicity band will have a single Majorana
mode.
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VIII. SUMMARY AND PROSPECTS
We have reviewed the properties of both strongly and weakly correlated NCS and summarised the diverse observed
properties. We also provided a theoretical understanding of these properties. Theory indicates that the ASOC plays
an essential role in understanding much of the physics of NCS materials, though electronic interactions are also
important to drive some of the new physics, like singlet-triplet mixing. This latter aspect has been a priority from
the experimental point of view and we have discussed the effects of the ASOC on the superconducting properties and
the extent to which the results give evidence for the presence or absence of singlet-triplet mixing.
A diverse range of properties have been observed in NCS and some systems showing evidence for either fully
gapped or nodal multiband superconductivity are compatible with a singlet-triplet mixing. In particular for the
Li2(Pd1−xPtx)3B system, the evolution from nodeless to nodal two band superconductivity upon increasing the
ASOC by substituting Pt for Pd, is strong evidence for mixed parity pairing. Other systems showing multiple gaps
are compatible with singlet triplet mixing, but in some cases this may also arise from conventional s-wave multiband
superconductivity, particularly when there is not a clear relationship between the ASOC and the pairing state.
Superconducting interfaces and heterostructures, as well as other low dimensional systems also provide a further
opportunity for examining the effects of inversion symmetry breaking. An advantage of studying these systems is that
the strength of the ASOC can often be tuned controllably.
It is clear that despite the fact that mixed parity pairing is predicted to be a general feature of NCS in the
presence of ASOC, many weakly correlated NCS show behaviour consistent with single band s wave superconductivity.
A simple interpretation of this is that if the triplet component is very weak then there will be two gaps of very
similar magnitude dominated by spin singlet pairing and the behaviour will be indistinguishable from ordinary BCS
superconductors. The parameter EASOC/Tc, which compares the relative energies of the antisymmetric spin orbit
coupling and superconducting condensate, may give an indication of promising systems to look for significant singlet-
triplet mixing124. However, measurements show a large ASOC appears to be a necessary but not sufficient condition
for the presence of significant mixed parity pairing. This also requires pairing interactions in both the singlet and
triplet channels, which can explain why it may be present in some Ce based NCS, but absent in their isostructural,
weakly correlated analogues. In this context, through the observation of singlet-triplet mixing, NCS materials can
provide new insight into the role of correlations in superconducting materials. While the presence of heavy atoms
provides a guide for finding compounds with strong ASOC, it may also be necessary to examine detailed electronic
structure calculations, particularly to look for systems where the ASOC causes significant splitting in the vicinity of
the Fermi level.
Measurements of the spin susceptibility and Hc2(T ) also provide evidence for the effects of ASOC on superconduc-
tivity. However an important consequence of the ASOC is that it is not possible to distinguish between the singlet
and protected triplet state using these measurements and therefore they can not be used to probe for the presence
of singlet-triplet mixing. Perhaps the best evidence for an anisotropy of the spin susceptibility compatible with the
effects of ASOC comes from measurements of CeIrSi3, where there is qualitative agreement between theory and ex-
periment. However in CePt3Si, the isotropicconstant Knight shift and small anisotropy of Hc2(T ) are difficult to
understand and measurements of both these systems may be complicated by the presence of strong electronic corre-
lations. Anisotropy in Hc2 shows a better agreement between theory of the ASOC and experiment, most strikingly
in the 2D Ising superconductors MoS2 and NbSe2. Zero field µSR measurements can give clear evidence for the TRS
breaking expected for some spin-triplet states. However the symmetry analysis of LaNiC2 demonstrates that this can
in fact indicate an absence of singlet-triplet mixing, rather than its presence.
Despite the interesting results already reported, there is a considerable amount of further work which can be carried
out and a number of open questions.
• The predicted magnetoelectric effects and related physics, which are required to exist solely due to symmetry
arguments, have not yet been observed.
• More detailed experimental and theoretical work is required to clearly demonstrate the presence of mixed singlet-
triplet pairing. It is necessary to identify further NCS where there is evidence for such a mixed parity state. In
particular, it is desirable to directly probe for the presence of a spin-triplet component, which may be measured
by looking for Majorana edge states and Majorana modes.
• The role of the different parameters in determining whether there is significant singlet-triplet mixing remains
unclear. In particular it is important to clarify the relative importance of the ASOC strength and the presence
of electronic correlations.
• While low dimensional superconducting systems have provided a valuable opportunity to controllably tune the
ASOC, the nature of the pairing symmetry in these systems has yet to be clarified, requiring further study.
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• Several NCS have been identified as promising candidates to display topological superconductivity, due to the
presence of a topologically non-trivial band structure. Further experimental work is required to confirm whether
topological superconducting states exist in these materials.
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